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ABSTRACT 


This  report  documents  work  carried  out  in  the  Materials  Research  Laboratory  of  the 
Pennsylvania  State  University  over  the  first  year  of  a  new  ONR  sponsored  University 
Research  Initiative  (URI)  entitled  “Materials  for  Adaptive  Structural  Acoustic  Control.”  For 
this  report  the  activities  have  been  grouped  under  the  following  topic  headings: 

1 .  General  Summary  Papers. 

2.  Materials  Studies. 

3.  Composite  Sensors. 

4.  Actuator  Studies. 

5.  Integration  Issues. 

6.  Processing  Studies. 

7 .  Thin  Film  Ferroelectrics. 

In  material  studies  important  advances  have  been  made  in  the  understanding  of  the 
evaluation  of  relaxor  behavior  in  the  PLZT’s  and  of  the  order  disorder  behavior  in  lead 
scandium  tantalate:lead  titanate  solid  solutions  and  of  the  Morphotropic  Phase  Boundary  in  this 
system.  For  both  composite  sensors  and  actuators  we  have  continued  to  explore  and  exploit 
the  remarkable  versatility  of  the  flextensional  moonie  type  structure.  Finite  element  (FEA) 
calculations  have  given  a  clear  picture  of  the  lower  order  resonant  modes  and  permitted  the 
evaluation  of  variouo  end  cap  metals,  cap  geometries  and  load  conditions.  In  actuator  studies 
multilayer  structures  have  been  combined  with  flextensional  moonie  endcaps  to  yield  high 
displacement  (50  p  meter)  compact  structures.  Electrically  controlled  shape  memory  has  been 
demonstrated  in  lead  zirconate  stannate  titanate  compositions,  and  used  for  controlling  a  simple 
latching  relay.  Detailed  study  of  fatigue  in  polarization  switching  compositions  has 
highlighted  the  important  roles  of  electrodes,  grain  size,  pore  structures  and  microcracking  and 
demonstrated  approaches  to  controlling  these  problems.  For  practical  multilayer  actuators  a 
useful  lifetime  prediction  can  be  made  from  acoustic  emission  analysis. 

New  modelling  of  2:2  and  1:3  type  piezoccramic:polymer  composites  has  given  more 
exact  solutions  for  the  stress  distribution  and  good  agreement  with  ultradilatometer 
measurements  of  local  deformations.  Composites  with  1:3  connectivity  issing  thin  wall  ceramic 
tubes  appear  to  offer  excellent  hydrostatic  sensitivity,  unusual  versatility  for  propeny  control 
and  the  possiblity  to  use  field  biased  electrostrictors  in  high  sensitivity  configurations. 
Processing  approaches  have  continued  to  use  reactive  calcining  and  have  supplied  the  group 
with  the  wide  range  of  ceramics  used  in  these  studies.  For  lead  magnesium  niobatc.lead 


ABSTRACT  (continued) 


titanate  solid  solutions  grain  size  effects  in  samples  of  comnierical  purity  have  been  traced  to  a 
thin  (~20  n  meter)  glassy  layer  at  the  grain  boundary.  In  parallel  with  the  ONR  URI  the 
laboratory  has  extensive  DARPA  and  Industry  sponsored  research  on  ferroelectric  thin  films,  a 
very  short  selection  of  most  relevant  papers  has  been  included  for  the  convenience  of  users. 


MATERIALS  FOR  ADAPTIVE  STRUCTURAL 
ACOUSTIC  CONTROL 


Period  February  1, 1992  to  January  31, 1993 


Annual  Report 


VOLUME  I 


OFnCE  OF  NAVAL  RESEARCH 
Contract  No.  N00014-92-J-1510 


APPROVED  FOR  PUBLIC  RELEASE  ~  DISTRIBUTION  UNLIMITED 


Reproduction  in  whole  or  in  part  is  permitted  for  any  purpose 
of  the  United  States  Government 


L.  Eric  Cross 

pennState 


peg 

THE  MATERIALS  RESEARCH  LABORATORY 

UNIVERSITY  PARK,  PA 


TABLE  OF  CONTENTS 


ABSTRACT .  6 

INTRODUCTION .  7 

1 .0  GENERAL  SUMMARY  PAPERS .  10 

2.0  MATERIALS  STUDIES .  10 

3.0  SENSOR  STUDIES .  12 

4.0  ACTUATOR  STUDIES .  13 

5.0  INTEGRATION  ISSUES  .  14 

6.0  PROCESSING  STUDIES .  14 

7.0  THIN  FILM  FERROELECTRICS  .  15 

8.0  HONOR'' AND  AWARDS  .  15 

9.0  APPRENTICE  PROGRAM .  17 

1 0.0  PAPERS  PUBLISHED  IN  REFEREED  JOURNALS .  18 

1 1 .0  INVITED  PAPERS  PRESENTED  AT  NAT10N.\L  AND 

INTERNATIONAL  MEETINGS .  21 

1 2.0  INVITED  PRESENTATIONS  AT  UNIVERSITY,  INDUSTRY 

AND  GOVERNMENT  LABORATORIES .  23 

1 3.0  CONTRIBUTED  PAPERS  AT  NATIONAL  AND 

INTERNATIONAL  MEETINGS  .  24 

APPENDICES 

General  Summary  of  Papers 

1 .  R.  E.  Newnham,  “Memories  of  Arthur  Von  Hippel,”  Feiroelcctrics  122,  17  (1992). 

2.  C.  Rosen,  B.  V.  Hiremath  and  R.  E.  Newnham,  "Piezoelectricity,”  American  Inst,  of 
Physics,  New  York  (1991). 

3.  R.  E.  Newnham,  “Ferroelectric  Sensors  and  Actuators  Smart  Electroccramics,” 
Ferroelectric  Ceramics,  Editor  N.  Setter,  Proc.  of  Summer  School  on  Feiroelcctrics, 
Ascona  (1991), 

4.  R.  E.  Newnham,  “Smart  Electroceramics  in  the  1990’s  and  Beyond,”  J.  European 
Ceramic  Soc.  (1^2). 

5 .  V.  Sundar  and  R.  E.  Newnham,  “Electrostriction  and  Polarization,”  Fcrroelectrics  122. 
431  (1992), 


Materials  Studies 

6.  J.  R.  Giniewicz.  A.  S.  Bhalla  and  L.  E.  Cross,  “Identification  of  the  Morphotropic 
Phase  Boundary  in  Lead  Scandium  Tantalate-Lead  Titanate  Solid  Solution  System.” 

7.  J.  R.  Giniewicz,  A.  S.  Bhalla  and  L.  E,  Cross,  “Variable  Structure  Ordering  in  Lead 
Scandium  Tantalate-Lead  Titanate  Materials.” 

8.  J.  R.  Giniewicz,  A.  S.  Bhalla  and  L.  E.  Cross,  “Lead  Scandium  Tantaiate-.Lead 
Titanate  Materials  for  Field  Stabilized  Pyroelectric  Device  Applications,”  Ferrocleccrics 
Letters  14, 21  (1992). 

9.  A.  S.  Bhalla,  R.  Guo,  L.  E.  Cross.  G.  Bums,  F.  H  Dacol  and  R.  R.  Neurgaonkar, 
“Glassy  Polarization  in  the  Ferroelectric  Tunastcn  Bronze  (BaSr)  Nb206,”  J-  Appl. 
Phys.  21(11),  5591  (1992). 

10.  J.  S.  Yoon,  V.  S.  Srikanth  and  A.  S.  Bhalla,  “The  Electrical  Properties  of 
Antiferroelectric  Lead  Zirconate-Ferroelectric  Lead  Zinc  Niobate  Ceramics  with 
Lanthanum,”  Proc.  ISAF  1992,  Greenville,  South  Carolina,  pp.  556. 

11.  E.  F.  Alberta,  D.  J.  Taylor,  A.  S.  Bhalla  and  T.  Takenaka,  “The  DC  Field  Dependence 
of  the  Piezoelectric,  Elastic  and  Dielectric  Constants  for  a  Lead  Zirconate  Based 
Ceramic,”  Proc.  ISAF  1992,  Greenville,  South  Carolina,  pp.  560. 

12.  W.  Cao  and  L.  Eric  Cross,  “The  Ratio  of  Rhombohedral  and  Tetragonal  Phases  at  the 
Morphotropic  Phase  Boundary  in  Lead  2Lirconaie  Titanate,”  Japan  Journal  of  Applied 
Physics  21  (Pt.  1,  No.  5A),  1399  (1992). 

13.  C.  A.  Randall,  M.  G.  Matsko,  W.  Cao  and  A.  S.  Bhalla,  “A  Transmission  Electron 
Microscope  Investigation  of  the  R3m  -  R3c  Phase  Transition  in  Pb(ZrTi)03  Ceramics," 
Solid  State  Comm.  (3),  193  (1993). 

14.  Shaoping  Li,  Chi  Ycun  Huang,  A.  S.  Bhalla  and  L.  E.  Cross,  “90*  Domain  Reversal  in 
Pb(ZrxTii.x)03  Ceramics,”  Proc.  ISAF  1992,  Greenville,  South  (Carolina. 

15.  Shaoping  Li,  Jyh  Sheen,  Q.  M.  Zhang,  Sei-Joo  Jang,  A.  S.  Bhalla  and  L.  E.  Cross, 
“Quasi  Lumped  Parameter  Method  for  Microwave  Measurements  of  Dielectric 
Dispersion  in  Ferroelectric  Ceramics,”  Proc.  ISAF  1992,  Greenville,  South  Carolina. 

16.  H.  Wang,  Q.  M.  Zhang,  L.  E.  Cross  and  A.  O.  Sykes,  “Piezoelectric  Dielectric  and 
Elastic  ftoperties  of  Poly  (Vinylidcne  Fluoride/ rrifluorcthylcnc).” 

17.  H.  Wang,  Q.  M.  Zhang,  L.  E.  Cross  and  A.  O.  Sykes,  “Clamping  Effect  on 
Piezoelectric  Properties  of  Poly  (Vinylidene  Fluoride/Trifluotoethylene)  Copolymers.” 

Composite  Sensors 

1 8.  Ki-Young  Oh,  Yutaka  Saito,  Atsushi  Furuta  and  Kenji  Uchino,  “Piezoelectricity  in  me 
Field  Induced  Ferroelectric  Phase  of  Lead  Zirconate  Based  Andfeiroelectrics,”  J.  Amer. 
Ceram.  Soc.  12  (4),  795  (1992). 


2 


Composite  Sensors  (continued) 


19.  R.  E.  Ncwnham,  Q.  C.  Xu.  K.  Oniisuka  and  S.  Yoshikawa,  “A  New  Type  of 
Flextcnsional  Transducer,”  Proc.  Int.  Mtg.  on  Transducers  for  Sonics  and 
Ultrasonics  (May  1992). 

20.  C.  A.  Randall,  D.  V.  Miller,  J.  H.  Adair  and  A.  S.  Bhalla,  “Processing  of 
Electroceramic-Polymer  Composites  Using  the  Electrorheological  Effect,”  J.  Mat.  Res. 
S(4),  1  (1993). 

21.  C.  A.  Randall,  S.  Miyazaki,  K.  L.  More,  A.  S.  Bhalla  and  R.  E.  Newnham, 
“Structural-Property  Relations  in  Diclectrophoretically  Assembled  BaTi03 
Nanocomposiies,”  Materials  Letters  26  (1992). 

22.  C,  A.  Randall,  S.  F.  Wang,  D.  Laubscher,  J.  P.  Dougherty  and  W.  Huebner, 
“Structure  Property  Relations  in  Core-Shell  BaTi03:LiF  Ceramics,”  J.  Mat.  Res. 

(in  press). 

23.  C.  A.  Randall,  G.  A.  Rossetti  and  W.  Cao,  “Spacial  Variations  of  Polarization  in 
Ferroelectrics  and  Related  Materials.” 

24.  Jayu  Chen,  Qi  Chang  Xu,  M.  Blaszkiewicz,  R.  Meyer,  Jr.  and  R.  E.  Newnham,  “Lead 
Zirconate  Titanate  Films  on  Nickel-Titanium  Shape  Memory  Alloys:  SMARTIES,” 

J.  Amer.  Ceram.  Soc.  25  (10),  2891  (1992). 

Actuator  Studies 

25.  D.  Damjanovic  and  R.  E.  Newnham,  “Electrostrictive  and  Piezoelectric  Materials  for 
Actuator  Applications,”  J.  Intell.  Mat.  Syst.  and  Stmet.  2,  190  (1992). 

26.  Y.  Sugawara,  K.  Onitsuka,  S.  Yoshikawa,  Q.  C.  Xu,  R.  E.  Newnham  and  K. 
Uchino,  “Metal-Ceramic  Composite  Actuators,”  J.  Amer.  Ceram.  Soc.  25  (4),  996 
(1992). 

27.  Q.  C.  Xu,  A.  Dogan,  J.  Tressler,  S.  Yoshikawa  and  R.  E.  Newnham,  “Ceramic-Metal 
Composite  Actuators,”  Ferroelectrics  Special  Issue. 

28.  K.  Uchifii./,  “Piezoelectric  Ceramics  in  Smart  Actuators  and  Systems,”  Proc. 
European  Conference  on  Smart  Stmetures  and  Materials. 

29.  A.  Furuta,  Ki-Young  Oh  and  K.  Uchino,  “Shape  Memory  Ceramics  and  Their 
Application  to  Latching  Relays,”  Sensors  and  Materials  5  (4),  205  (1992). 

30.  K.  Uchino  and  A.  Furuta,  “Destruction  Mechanisms  in  Multilayer  reramic  Actuators,” 
Proc.  ISAF  1992,  Greenville,  South  Carolina,  pp.  195. 

31.  Q.  Jiang,  Wenwu  Cao  and  L.  E.  Cross,  “Electric  Fatigue  Initiated  by  Surface 
Contamination  in  High  Polarization  Ceramics,”  Proc.  ISAF  1992,  Greenville.  South 
Carolina,  pp.  107. 

32.  Q.  Jiang,  Wenwu  Cao  and  L.  E.  Cross,  “Electric  Fatigue  in  PLZT  Ceramics.” 


3 


ONR  1992  Annual  Report 


Integration  Issues 


33.  Wenwu  Cao,  Q.  M.  Zhang  and  L.  E.  Cross,  “Theoretical  Study  on  the  Static 
Performance  of  Piezoelectric  Ceramic- Polymer  Composite  with  1-3  Connectiviiv,"  J. 
Appl.  Phys.  72  (12),  5814  (1992). 

34.  Q.  M.  Zhang,  Wenwu  Cao,  H.  Wang  and  L.  E.  Cross,  “Characterization  of  the 
Performance  of  1-3  Type  Piezocomposites  for  Low  Frequency  Applications,”  J.  Appl, 
Phys.  73  (3),  1403  (1993). 

35.  Q.  M.  Zhang,  Wenwu  Cao,  H.  Wang  and  L.  E.  Cross.  “Strain  Profile  and 
Piezoelectric  Performance  of  Piezocomposites  with  2-2  and  1-3  Connectivities."  Proc. 
ISAF  1992,  Greenville,  South  Carolina,  pp.  252. 

36.  Q.  M.  Zhang,  H.  Wang  and  L.  E.  Cross,  “Piezoelectric  Tubes  and  1-3  Type  Tubular 
Composites  as  Tunable  Actuators  and  Sensors." 

37.  Q.  M.  Zhang,  H.  Wang  and  L.  E.  Cross,  “Piezoelectric  Tubes  and  Tubular  Compjosites 
for  Actuator  and  Sensor  Applications.” 

Processing  Studies 

38.  Thomas  R.  Shrout  and  Scon  L.  Swartz,  “Processing  of  Ferroelectric  and  Related 
Materials.'  A  Review." 

39.  G.  A.  Rossetti,  D.  J.  Watson,  R.  E.  Newnham  and  J.  H.  Adair,  “Kinetics  of  the 
Hydrothermal  Crystallization  of  the  Perovskite  Lead  Titanatc,”  J.  Crystal  Growth  1 16. 
251  (1992). 

40.  A,  V.  Prasadarao,  U.  Selvaraj.  S.  Komameni  and  A.  S.  Bhalla,  “Sol-Gel  Synthesis  of 
Ln2(Ln  =  La.  Nd)  Ti207,”  J.  Mat.  Res.  2  (10),  2859  (1992). 

41.  A.  V.  Prasadarao,  U.  Selvaraj,  S.  Komameni  and  A.  S.  Bhalla,  “Sol  Gel  Synthesis  of 
Strontium  Pyroniobate  and  Calcium  Pyroniobatc,”  J.  Amer.  Ceram.  Soc.  (10). 
2697  (1992). 

42.  A.  V.  Prasadarao,  U.  Selvaraj,  S.  Komameni  and  A.  S.  Bhalla,  “Fabrication  of 
La2Ti2C>7  Thin  Films  by  A  Sol-Gel  Technique,”  Ferroelectrics  Letters  14, 65  (1992). 

43.  S.  F.  Wang,  U.  Kumar,  W.  Huebner,  P.  Marsh,  H.  Kankel  and  C.  G.  Oakley,  “Grain 
Size  Effects  on  the  Induced  Piezoelectric  Properties  of  0.9  PMN-0.  IPT  Ceramic,” 
Proc.  ISAF  1992,  Greenville,  South  Carolina,  pp.  148. 

44.  C.  A.  Randall,  A.  D.  Hilton,  D.  J.  Barber  and  T.  R.  Shrout,  “Extrinsic  Contributions 
to  the  Grain  Size  Dcpende'’ce  of  Relaxor  Ferroelectric  Pb(Mgi/3Nb2/3)03;PbTi03 
Ceramics,”  J.  Mat.  Res.  fi  (4)  (1993). 

45.  B.  V.  Hiremaih,  R.  E.  Newnham  and  L.  E.  Cross,  “Barrier  Layer  Capacitor  Using 
Barium  Bismuth  Plumbate  and  Barium  Plumbate,”  J.  Amer.  Ceram.  Soc.  21  (1  D. 
2953  (1992). 

46.  U.  Kumar,  S.  F.  Wang,  S.  Varanasi  and  J.  P.  Dougheny,  “Grain  Size  Effects  on  the 
Dielectric  Properties  of  Strontium  Barium  Titanate,”  Proc.  ISAF  1992,  Greenville. 
South  Carolina,  pp.  55. 


4 


Processi.ig  Studies  (continued) 

47.  U.  Kumar,  S.  F.  Wang  and  J.  P.  Dougheny,  “Preparation  of  Dense  Ultra-Fine  Grain 
Barium  Titanate-Based  Ceramics,”  Proc.  ISAF  1992,  Greenville,  South  Carolina, 

pp.  70. 

Thin  Film  T  erroelectrics 

48.  J.  Chen,  K.  R.  Udayakumar,  K.  G.  Brooks  and  L.  E.  Cross,  “Dielectric  Behavior  of 
Ferroelectric  Thin  Films  at  High  Frequencies,”  Proc.  ISAF  1992,  Greenville,  South 
Carolina,  pp.  182. 

49.  K.  Uchino,  N-Y.  Lee,  T.  Toba,  N.  Usuki,  H.  Aburatani  and  Y.  Ito,  “Changes  m  the 
Crystal  Structure  of  RF-Magnetron  Sputtered  BaTiOs  Thin  Films,”  J.  Chem.  Soc. 
Japan  ijaO  (9),  1091  (1992). 

50.  R.  E.  Newnham,  K.  R.  Udayakumar  and  S.  Trolier-McKinstry,  “Size  Effects  in 
Ferroelectric  Thin  Films,”  Chemical  Processing  of  Advanced  Materials,  Edited  by 
Larry  L.  Hench  and  Jon  K.  West,  John  Wiley  and  Sons,  Inc.  (1992). 

51.  S,  Trolier-McKinstry,  H.  Hu,  S.  B.  Krupanidhi,  P.  Chindaudom,  K.  Vedam  and 

R.  E.  Newnham,  “Spectroscopic  Ellipsometry  Studies  on  Ion  Beam  Sputter  Deposited 
Pb(Zr,  Ti)03  Films  on  Sapphim  and  ft-Coat^  Silicon  Substrates.” 


5 


ONR  1992  Annual  Report 


ABSTRACT 


This  repon  documents  work  carried  out  in  the  Materials  Research  Laboratory  of  the 
Pennsylvania  State  University  over  the  first  year  of  a  new  ONR  sponsored  University 
Research  Initiative  (URI)  entitled  “Materials  for  Adaptive  Structural  Acoustic  Control."  For 
this  report  the  activities  have  been  grouped  under  the  following  topic  headings; 

1 .  General  Summary  Papers. 

2.  Materials  Studies. 

3 .  Composite  Sensors. 

4.  Actuator  Studies. 

5 .  Integration  Issues. 

6.  Processing  Studies. 

7.  Thin  Film  Ferroelectrics. 

In  material  studies  important  advances  have  been  made  in  the  understanding  of  the 
evaluation  of  relaxor  behavior  in  the  PLZT’s  and  of  the  order  disorder  behavior  in  lead 
scandium  tantalatcrlead  titanate  solid  solutions  and  of  the  Morphotropic  Phase  Boundary  in  this 
system.  For  both  composite  sensors  and  actuators  we  have  continued  to  explore  and  exploit 
the  remarkable  versatility  of  the  flextensional  moonie  type  structure.  Finite  element  (FEA) 
calculations  have  given  a  clear  picture  of  the  lower  order  resonant  modes  and  permitted  the 
evaluation  of  various  end  cap  metals,  cap  geometries  and  load  conditions.  In  actuator  studies 
multilayer  structures  have  been  combined  with  flextensional  moonie  endcaps  to  yield  high 
displacement  (50  p  meter)  compact  structures.  Electrically  controlled  shape  memory  has  been 
demonstrated  in  lead  zirconate  stannate  titanate  compositions,  and  used  for  controlling  a  simple 
latching  relay.  Detailed  study  of  fatigue  in  polarization  switching  compositions  has 
highlighted  the  important  roles  of  electrodes,  grain  size,  pore  structures  and  microcracking  and 
demonstrated  approaches  to  controlling  these  problems.  For  practical  multilayer  actuators  a 
useful  lifetime  prediction  can  be  made  from  acoustic  emission  analysis. 

New  modelling  of  2:2  and  1:3  type  piezoceramicrpolymer  composites  has  given  more 
exact  solutions  for  the  stress  distribution  and  good  agreement  with  ultradilatometer 
measurements  of  local  deformations.  Composites  with  1:3  connectivity  using  thin  wall  ceramic 
tubes  appear  to  offer  excellent  hydrostatic  sensitivity,  unusual  versatility  for  property  control 
and  the  possiblity  to  use  field  biased  clectrostrictors  in  high  sensitivity  configurations. 
Processing  approaches  have  continued  to  use  reactive  calcining  and  have  supplied  the  group 
with  the  wide  range  of  ceramics  used  in  these  studies.  For  lead  magnesium  niobate.lead 


o 


ABSTRACT  (continued) 


tiianate  solid  solutions  grain  size  effects  in  samples  of  commerical  purity  •  ivc  been  traced  to  a 
thin  (~20  n  meter)  glassy  layer  at  the  grain  boundary.  In  parallel  with  the  ONR  URI  the 
laboratory  has  extensive  DARPA  and  Industry  sponsored  research  on  ferroelectric  thin  films,  a 
very  shon  selection  of  most  relevant  papers  has  been  included  for  the  convenience  of  users. 
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INTRODUCTION 

This  report  documents  work  carried  out  in  the  Materials  Research  Laboratory  at  the 
Pennsylvania  State  University  over  the  first  year  of  a  new  ONR  sponsored  University 
Research  Initiative  (URI)  entitled  “Materials  for  Adaptive  Structural  Acoustic  Control.”  The 
proposed  program  is  being  carried  out  largely  in  five  sections,  each  reporting  to  a  senior  faculty 
member.  The  sections  are; 

Materials  Studies  Dr.  A.  S.  Bhalla 

Composite  Sensors  Dr.  R.  E.  Newnham 

Actuator  Studies  Dr.  K.  Uchino 

« 

Integration  Issues  Dr.  J.  Dougheny 

Processing  Studies  Dr.  T.  R.  Shrout 

There  is  of  course  very  strong  overlap  between  these  different  topic  areas,  as  for  example  the 
same  piezoelectric  composite  may  be  both  sensor  and  actuator  and  may  itself  be  a  highly 
integrated  subsystem.  In  the  circumstance  we  deliberately  maintain  very  fuzzy  boundaries 
between  sections.  Faculty,  post  doctorals  and  students  often  work  in  more  than  one  section 
and  between  section  bounds  a  necessary. 

Following  precedent  established  now  over  more  than  sixteen  earlier  annual  reports,  this 
document  will  present  a  brief  narrative  description  of  the  work  which  has  been  accomplished, 
making  reference  for  backup  to  the  published  studies  from  the  groups  which  arc  included  as 
technical  j^)pcndiccs  and  form  the  bulk  of  the  report 

For  this  repon  the  activities  have  been  grouped  under  the  following  topic  headings. 

1.  GENERAL  SUMMARY  PAPERS. 

2.  MATERIALS  STUDIES. 

3.  COMPOSITE  SENSORS. 

4.  ACTUATOR  STUDIES. 

5.  INTEGRATION  ISSUES. 

6.  PROCESSING  STUDIES. 

7.  THIN  FILM  FERROELECTRICS. 

m 

In  materials,  the  phenomenology  of  the  lead  lanthanum  zirconate  titanate  (PLZT)  family 
at  the  x:65;35  composites  was  completed  and  presented  as  an  invited  paper  at  ECAPD2 
Meeting  in  London.  New  work  on  the  strongly  ferroelectric  lead  lanthanum  titanatc,  shows 
clearly  how  even  at  low  lanthanum  concentrations  the  lattice  softens  rapidly  reducing  the  “first 
ordemess”  of  the  Curie  transition  and  giving  rise  to  sub  domain  modulation  of  the  polarization 
in  tire  ferroelectric  phase.  Detailed  studies  of  the  lead  scandium  tantalate:lcad  titanatc  (PST:PT) 
system  have  identified  the  composition  of  the  pseudo  morphocropic  phase  boundary  (PMPB) 
and  have  explored  the  limits  for  ordcr:disordcr  in  the  Sc:Ta  cation  system  with  increasing  FT 
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content  and  its  influence  on  crystal  properties.  For  lead  zirconaiedead  zinc  niobaie 
antiferroclcctric:feiToelectric  switching  compositions  have  been  identified  for  switchable 
transducer  applications  (see  Section  3). 

Work  on  the  composite  sensors  has  continued  to  explore  and  exploit  the  remarkable 
versatility  of  the  flextensional  moonie  type  structure.  In  the  metal-ceramic  moonies  the  finite 
element  (FEA)  calculations  have  given  a  clear  picture  of  strain  patterns  in  the  lower  order 
vibrational  modes  allowing  direct  comparison  with  frequency  behavior.  The  FEA  calculations 
were  also  used  to  evaluate  various  end  cap  metals,  cap  geometries  and  load  conditions.  Clearly 
as  well  as  being  an  excellent  pressure  sensor,  the  moonies  makes  a  .superb  actuator  in  which  a 
wide  range  of  force:displacement  characteristics  arc  possible  (Section  4).  New  switchable 
transducers  with  high  remanent  dij  characteristics  have  been  e  .plored  in  the  PZ:PZN 
composition  family. 

In  more  basic  studies,  it  has  always  been  our  ambition  to  upgrade  the  “simple”  Landau 
Devonshire  function  for  PZT  to  include  Ginsburg  terms  for  the  gradient  of  the  polarization. 
Using  the  new  experimental  technique  of  electron  holography  the  group  is  working  with  the 
Oak  Ridge  National  laboratory  to  explore  electric  fields  in  polydomain  perovskites  and  thus  to 
explore  the  spacial  variation  of  the  polarization. 

Actuator  Studies  have  focused  upon  three  topics:  A  detailed  examination  of  the  very 
versatile  flextensional  moonie,  has  demonstrated  amplification  of  multilayer  actuator 
displacements  permitting  the  realization  of  compact  high  displacement  (50  p  meter)  scanners. 
The  shape  memory  phenomena  has  been  explored  for  room  temperature  in  compositions  in  the 
modified  PZSnT  system,  and  electrically  controlled  shape  change  applied  to  a  simple  latching 
relay  concept.  Examination  of  the  damage  mechanisms  in  both  materials  and  systems  which 
lead  to  the  fatigue  effects  on  repeated  switching  have  been  explored,  highlighting  the 
complexity  of  the  phenomena  involved  and  requiring  control  of  electrodes,  grain  size,  pore 
structures  and  microcracking.  For  practical  multilayer  actuators  a  useful  lifetime  prediction  can 
be  made  based  on  acoustic  emission  engendered  by  microcracking. 

In  integration  issues,  as  a  step  to  understanding  the  more  complex  systems  more  exact 
treatments  for  the  2:2  and  1:3  type  PZT  piezoceramic :Polymer  composite  systems  are  being 
examined.  For  the  low  frequency  quasi-static  case,  the  new  calculated  and  the  measured 
surface  profiles  are  in  excellent  accord.  For  1 :3  composite  structures  using  ceramic  tubes 
rather  than  rods,  it  is  shown  that  the  properties  can  be  tuned  over  a  wide  range  by  choosing 
suitable  ratios  of  tube  diameter  to  wall  thickness.  The  thin  walled  tubes  also  give  the 
possibility  to  use  electrostriction  materials  in  agile  configurations  and  to  make  use  of  the  very 
large  field  induced  d3i  values  characteristic  of  these  families. 
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In  processing  studies,  the  group  has  continued  to  explore  the  reactive  calcination 
method  for  generating  inexpensive  high  quality  PZT  powders.  The  group  docs  also  back-up 
all  processing  for  the  many  new  ceramics  which  are  used  in  the  program.  The  lead  magnesium 
niobatedead  titanate  (PMN:PT)  solid  solutions,  the  reduction  of  dielectric  response  with  grain 
size  in  samples  with  commercial  purity  has  been  shown  to  be  extrinsic  and  to  come  from  a  very 
thin  coating  (~20  nm)  of  a  low  K  glassy  phase  at  the  grain  boundary.  In  related  studies 
sponsored  by  the  Dielectric  Center  in  the  Laboratory  grain  size  effects  in  BaTiOs  and  in 
(BaSr)Ti03  solid  solutions  have  been  explored. 

In  parallel  with  the  ONR  URI  program  the  Laboratory  has  extensive  DARPA  and 
Industry  sponsored  research  on  ferroelectric  thin  films.  Since  the  film  structures  involve 
materials  like  PZT,  PMN:PT,  PLT  and  PLZT  families  of  compositions  and  do  explore 
piezoelectric  effects  and  applications,  a  small  group  of  the  most  relevant  papers  from  these 
programs  are  appended  for  reference. 

1.0  GENERAL  SUMMARY  PAPERS 

There  is  probably  no  better  way  to  begin  this  report  of  work  on  the  new  URI  on 
Materials  for  Adaptive  Structures  Acoustic  Control  than  with  a  tribute  to  Anhur  Von  Hippel 
(Appendix  1).  Vou  Hippel’s  Laboratory  for  Insulation  Research  was  a  model  for  many  future 
Interdisciplinary  Materials  Research  Laboratories,  and  many  of  the  topics  on  which  he  initiated 
study  are  still  the  subject  of  concern  today.  The  book  “Piezoelectricity”  in  the  American 
Institute  of  Physics  series  Key  Papers  in  Physics,  edited  by  C.  Z.  Rosen,  B.  V.  Hiremath  and 
R.  E.  Newnham  collects  33  papers  key  on  piezoelectrics,  their  properties,  their  electro-then.io- 
mechanical  couplings  and  their  device  applications  (Appendix  2).  The  subject  of  sman 
materials  is  covered  in  two  papers.  The  first  is  the  final  form  of  the  account  by  R.  E. 
Newnham  of  Ferroelectric  Sensors  and  Actuators,  given  at  the  Summer  School  on 
Ferroelecirics  in  Ascona  (Appendix  3).  The  second  was  presented  at  the  European  Meeting  on 
Ceramics  and  covers  more  general  aspects  of  sman  materials  and  structures  (Appendix  4). 
Electrostriction  is  the  basic  underpinning  phenomenon  for  all  the  most  useful  ferroelectric 
piezoelectrics.  The  anicle  by  Sundar  and  Newnham  (Appendix  5)  points  up  some  of^he 
qualitative  features  on  the  electrostrictive  behavior  in  different  insulators  and  firmly 
underscores  the  need  for  more  complete  study  of  electrostriction  in  simple  solids. 

2.0  MATERIALS  STUDIES 

In  papers  by  Ginicwicz,  Bhalla  and  Cross  (Appendices  6,  7,  8)  the  system 
PbSci/2Tai/203:PbTi03  has  been  examined  in  detail.  It  is  shown  that  there  is  a  Pseudo 
Morphotropic  Phase  Boundary  (PMPB)  at  composition  in  the  range  0.4  to  0.45  PbTi03 
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separating  a  pseudo  Rhombohedral  Relaxor  Ferroelectric  phase  from  a  purely  ferroelectric 
tetragonal  phase  (Appendix  6).  Studies  of  compositions  close  to  pure  PST  reveal  that  the  range 
of  PbTiOs  solid  solution  over  which  the  scandium/tantalum  ordering  can  be  thermally 
controlled  is  strictly  limited  to  concentrations  below  0.075  PT.  Again  however  the  ordered 
phases  show  sharp  first  order  transitions  to  a  rhombohedral  ferroelectric  phase,  whilst  the 
disordered  materials  show  strong  relaxor  ferroelectric  character  (Appendix  7).  For 
compositions  in  the  variable  order  region  studies  of  the  field  induced  pyroelectric  response 
(Appendix  8)  suggest  properties  superior  to  those  of  pure  PST. 

Excellent  optical  quality  single  crystals  are  available  for  a  range  of  tungsten  bronze 
structure  relaxor  ferroelectrics  through  the  group  of  R.  R.  Neurgaonkar  at  Rockwell. 
Appendix  9  explores  the  optical  refractive  index,  birefringence  and  lattice  strain  for  BSN  25 
and  several  (Ba2-xSrx)2  (Ki.yNay)2  (Nb03)io  (BSKNN)  compositions  to  show  that  in  all 
crystals  RMS  polarization  persists  to  well  above  the  dielectric  maximum  of  e,  behavior 
consistent  with  previously  proposed  fluctuation  models  for  the  relaxor  behavior. 

The  electrical  properties  of  compositions  in  the  lead  zirconaterlead  zinc  niobate 
(PZ:P23'J)  system  near  the  ferroelectric :antiferroelectric  phase  boundary  [0.929  PbZrO3:0.071 
Pb(Zni/3Nb2/3)03]  have  been  explored  as  a  function  of  La203  doping  in  the  range  1  to  5 
mole%  (Appendix  10).  A  field  forced  ferroelectric  phase  with  remanence  could  be  induced  in 
compositions  containing  upto  3  mole%  La203.  In  a  second  study  elastic,  piezoelectric  and 
dielectric  properties  have  been  explored  more  fully  in  the  pure  PZ;PZN  system  revealing  the 
AF  to  FE  transition  of  between  93.2  and  93.0%  PZN.  Large  hysteresis  is  again  observed  in 
field  forced  transitions.  (Appendix  11). 

In  the  next  three  papers  important  aspects  of  the  lead  zirconatedead  titanate  solid 
solution  system  are  explored.  A  critical  question  which  has  not  been  addressed  earlier  is  the 
proportioning  of  rhombohedral  and  tetragonal  feiroelcctric  phases  at  the  MPB  composition  in 
Pb2i03;PbTi03.  In  work  which  was  sponsored  by  AFOSR,  but  is  included  here  because  of 
its  high  relevance  (Appendix  12),  it  is  shown  that  the  correct  ratio  of  rhombohedral/tetragonal 
is  in  fact  3:2  not  1:1  as  has  been  assumed  previously.  This  moves  the  effective  MPB 
composition  towards  the  rhombohedral  side,  in  good  agreement  with  experimental  results!  A 
second  neglected  area  in  PZTs  is  the  nature  of  the  domain  structures  in  rhombohedral  1  and  in 
the  crumpled  rhombohedral  2  phases  R3m  R3c).  New  TEM  work  (Appendix  13)  shows 
clear  evidence  of  the  antiphase  domain  boundaries  in  the  R3c  phase  and  a  most  interesting 
interaction  between  antiphase  and  normal  domain  walls.  It  has  always  been  a  contention  that  if 
wall  motion  is  to  contribute  strongly  to  piezoelectricity  in  PZTs,  non  180*  motion  must  be 
preferred  over  180*  motion.  Appendix  14  adduces  evidence  from  x-ray  studies  of  the  poling 
process  to  confirm  this  expectation.  High  frequency  coaxial  line  measurements  of  high  K 
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dielectrics  arc  fraught  with  many  difficulties.  Appendix  15  suggests  some  necessary 
corrections  to  the  simple  interpretation  for  K  values  -1,000.  Two  papers  which  repon  new 
data  upon  elastic,  dielectric  and  piezoelectric  properties  in  PVDF:TrFE  copolymers  (Appendix 
16)  and  upon  electrode  clamping  effects  (Appendix  17)  are  included  for  interest  These  studies 
have  used  an  ultradilatometer  at  Penn  State,  together  with  an  elastic  stressing  jig  designed  by 
Dr.  Sykes  of  Acoustic  Associates  and  the  work  has  been  carried  out  under  Navy/S BIR 
sponsorship. 

3.0  SENSOR  STUDIES 

Earlier  ONR  sponsored  studies  have  highlighted  the  high  strain  capability  of  systems 
using  Antiferroelectric  ferroelectric  switching  in  the  niobium  modified  lead  zirconate  titanate 
stannate  system.  Appendix  18  explores  the  piezoelectric  response  in  the  field  induced 
ferroelectric  phase  in  the  Pbo.99Nbo.o2[(Zro.6Sno.4)i-yTiy]  O3  family.  High  piezoelectric 
anisotropy  with  Kt/Kpl  =  4.5  and  Kt  values  larger  than  0.62  suggest  that  this  system  will  be  of 
major  interest  in  agile  transducers.  A  discussion  of  the  moonie  type  flextcnsional  transducer  is 
given  in  Appendix  19,  highlighting  the  exceptional  effective  d33  >  4,000  pCVN  the  very  high 
hydrostatic  dh  >  600  pC/N  and  the  excellent  pressure  tolerance  over  1 ,000  psi.  The  paper 
applies  finite  element  analysis  (FEA)  to  explore  stress  concentrations,  effects  of  geometry,  the 
possibility  of  generating  very  large  volume  velocity  and  the  actuation  capability  for  the  metal 
end  cap  moonie.  Preliminary  studies  of  the  possible  use  of  electrophoretic,  dielectrophoretic 
and  electrorfieological  effects  to  assemble  unusual  types  of  ceramic  polymer  composites  are 
discussed  in  Appendix  20.  Fiberil  formation  under  field  leads  to  1:3  type  composite 
connectivities,  and  patterned  distributions  have  been  demonstrated  using  suitable  electrode 
configurations.  A  clear  demonstration  of  the  capability  for  fibril  formulation  has  been  given  for 
dielectropharetically  assembled  BaTiC>3  nanocomposites  (Appendix  21). 

Formulation  of  a  very  difficulty  type  of  microstructure  has  been  demonstrated  in 
BaTi03:LiF  ceramics  fired  at  low  temperature  where  a  most  interesting  core:shell  structure  can 

be  achieved  (Appendix  22).  The  high  permittivity  and  highly  twinned  cores  suggest  that  these 

* 

materials  may  be  of  interest  both  in  electrostrictive  actuators  and  high  K  dielectrics.  New  and 
most  interesting  evidence  of  the  break  up  of  the  conventional  ferroelectric  domain  structure  in 
higher  La203  doped  PbTiOs  has  been  adduced  from  direct  observation  in  Transmission 
Electron  Microscopy  (Appendix  23).  The  change  from  conventional  to  a  modulated  then 
finally  to  a  tweed  type  microstructure  corresponds  to  the  change  from  strongly  first  order 
ferroelectric  to  relaxor  ferroelectric  behavior.  The  paper  also  underscores  the  potential 
advantage  of  moving  to  the  use  of  electron  holography  to  explore  more  quantitatively  these 
exciting  changes. 
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The  first  successful  attempt  to  combine  ferroclectrics  with  shape  memory  alloys  is 
discussed  in  Appendix  24  where  firmly  adhering  sol-gel  derived  PZT  films  are  shown  to 
survive  exercising  of  the  alloy  up  to  strain  levels  of  0.4%. 

4.0  ACTUATOR  STUDIES 

A  very  useful  introduction  to  the  phenomena  of  piezoelectricity  and  electrostriction  in 
ferroelectric  ceramics  and  their  application  to  electrically  controlled  actuation  is  given  in 
Appendix  25.  The  various  contributions  to  the  effects  in  the  PZT  family  of  materials  are  clearly 
distinguished  and  specific  uses  which  maximize  the  capability  of  both  poled  ceramics  and 
relaxor  ferroclectrics  are  discussed.  Two  papers  which  underscore  the  superior  capability  of 
the  moonie  type  flextensional  structure  for  moderate  actuation  force  arc  presented  in 
Appendices  26  and  27.  The  transforming  capability  of  the  moon  shaped  cavities  in  the  end 
caps  is  underscored  in  the  manner  in  which  both  d33  and  d3i  of  the  piezoceramic  are 
constructively  enhanced.  It  is  clear  that  both  piezoelectric  and  electrostrictive  systems  can  be 
used  and  multilayer  configurations  also  utilized.  Both  single  and  stacked  moonie  struaures  are 
discussed.  Passive  and  aedve  sman  actuators  are  discussed  in  Appendix  28  which  summarizes 
work  on  soft  piezoelectrics,  electrostrictors,  monolithic  bimorphs  and  shape  memory  materials. 
In  actuator  systems  walking  devices  are  described  and  drive  waveforms  for  step  actuation 
discussed. 

The  close  analogy  between  the  phase  switching  modified  PSnZT  ceramics  and  the 
shape  memory  alloys  is  emphasized  in  Appendix  29.  A  cardinal  advantage  of  the  ceramic  is 
however  that  both  forward  and  backward  switching  can  be  effected  by  the  electric  field, 
without  temperature  change.  The  phenomenon  is  very  clearly  presented  and  a  practical  latching 
relay  developed  from  the  appropriate  composition  is  presented.  The  destructive  breakdown  of 
multilayer  actuators  is  addressed  in  Appendix  30.  By  using  a  design  of  actuator  which 
exaggerated  the  elastic  stress,  cracking  mechanism  were  explored  and  shown  to  be  different  in 
soft  PNNT  as  compared  to  phase  switching  PNbZSnT.  Crack  initiation  is  shown  to  give  rise 
to  acoustic  emission  and  the  AE  count  shown  to  be  a  reliable  number  for  estimating  soft  PNNT 
lifetime  under  cyclic  field.  * 

Materials  issues  in  fatigue  of  soft  piezoelectrics  are  addressed  in  Appendices  31  and  32. 
It  is  shown  that  a  frequent  cause  of  early  fatigue  is  a  poor  electrode.ceramic  interface.  Paper  32 
is  the  first  of  a  sequence  which  will  address  electrode,  pore  structure,  grain  size  and 
cemposition  effects  in  P2T  and  PLZT  materials. 
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5.0  INTEGRATION  ISSUES 

A  challenging  problem  in  the  initial  integration  of  stiff  ceramic  piezoelectric  rods  into  a 
soft  polymer  matrix  is  the  nature  of  the  stress  transfer  which  occurs  when  the  1:3  type 
composite  structure  is  subjected  to  uniaxial  or  hydrostatic  stress.  In  Appendix  33  the 
inhomogeneous  deformation  profiles  have  been  calculated  exactly  for  single  rod  and  single  tube 
composites.  It  is  found  from  these  solutions  that  only  polymer  in  the  close  vicinity  of  the  rod 
or  tube  participates  strongly  in  stress  transfer  so  that  the  results  can  be  used  to  predict  given  I  ;3 
structures  and  optimize  the  design.  In  Appendix  34,  the  strain  profiles  in  the  1 :3  composite  are 
analyzed  and  compared  to  direct  measurement  obtained  using  the  MRL  laser  ultradilatometer 
good  agreement  is  observed  between  calculated  and  measured  profiles  for  low  frequency 
excitation.  A  more  detailed  analysis  for  the  2:2  type  composite,  together  with  data  for  the  1 :3 
type  system  is  given  in  Appendix  35.  New  and  we  believe  very  important  analysis  for  a 
composite  using  piezoelectric  tubes  are  given  in  Appendices  36  and  37.  It  is  shown  that  by 
chasing  the  ratio  of  outer  and  inner  diameter  for  end  capped  thin  walled  tubes  it  is  possible  to 
tune  the  response  over  a  very  wide  range. 

The  thin  wall  section  lends  itself  to  the  possible  use  of  polarization  biased  electrostrictor 
elements  giving  exceedingly  light  low  impedance  ultra-sensitive  hydrostatic  response. 

6.0  PROCESSING  STUDIES 

The  review  of  processing  for  fenoclectric  and  related  materials  by  Shrout  and  Swartz 
provides  an  excellent  summary  of  the  basic  steps  and  a  very  balanced  account  of  modem 
developments  in  the  field  (appendix  38).  The  authors  have  combined  inputs  from  a  wide  range 
of  both  commercial  and  research  studies  to  cover  the  major  aspects  in  the  preparation  of 
dielectrics,  piezoelectrics,  and  electro-optic  ceramics.  The  more  specialized  synthesis  of  lead 
titanate  by  hydrothermal  methods  is  described  in  Appendix  39.  Sol-gel  synthesis  of  a  range  of 
pyroniobates  and  tantalates  and  pyrotitanates  are  covered  in  Appendices  40, 41  and  42.  I>ensc 
ceramics  have  been  prepared  in  compositions  La2Ti2C>7,  Nd2Ti207,  Sr2Nb207  and  Ca2Nb207. 
Spin-on  sol-gel  thin  films  with  thickness  up  to  0.3  ixm  have  also  been  prepared  for  La2Ti207. 
These  samples  are  now  under  study  for  their  dielectrics,  piezoelectric  and  ferroelectric 
properties.  Grain  size  effects  in  lead  magnesium  niobate:lead  titanate  (PMN:PT)  ceramics  are 
considered  in  Appendices  43  and  44.  In  a  practical  study  (Appendix  43)  it  is  shown  that  grain 
size  of  order  3.5  |i  meters  is  required  to  reach  the  highest  induced  d3i  values.  For  Appendix 
44  a  more  fundamental  study  suggests  that  in  reagent  grade  oxide  preparations  of  PMN:PT  a 
thin  (20  n  meter)  glassy  layer  coats  the  grains  giving  rise  to  a  series  mixing  model  which 
reduces  the  observed  weak  field  permittivity  very  strongly  as  the  grain  size  is  reduced.  Clear 
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evidence  of  the  second  phase  is  presented  in  TEM  studies  of  thin  sections  and  the  dielectric  data 
fit  closely  to  the  series  model. 

In  Appendix  45  an  interesting  type  of  barrier  layer  capacitor  structtire  is  described  using 
barium  bismuth  plumbate  and  barium  plumbaie.  Leading  to  low  temperature  coefficients  of 
capacitance  and  high  dispersion  frequencies.  Studies  of  grain  size  effects  in  BaTiOs  and  in 
(BaSr)TiC>3  are  presented  in  Appendices  46  and  47. 

7.0  THIN  FILM  FERROELECTRICS 

Several  reports  have  suggested  that  ferroelectric  thin  films  of  PZT  may  be  dispersive  at 
quite  low  frequencies.  Appendix  48  shows  that  these  dispersions  may  be  traced  to  improper 
processing  which  leads  to  interfacial  layers  at  the  electrodes.  Properly  processed  films  do  not 
relax  up  to  GHz  frequencies.  The  unusual  response  of  thin  film  BaTi03  is  discussed  in 
Appendix  49,  which  shows  that  for  small  grains  (6-8  nml  the  structure  is  cubic 
nonferroelectric,  but  that  on  annealing  to  the  range  0. 1  to  0.2  p  meter  the  ferroelectric  phase 
appears.  Size  effects  in  ferroelectric  films  are  discussed  in  a  more  general  manner  in  Appendix 
50.  Evidence  for  critical  size  effects  are  reviewed  both  for  powders  and  for  thin  films  and  it  is 
shown  that  PbTi03  retains  ferroelectricity  down  to  much  smaller  panicle  sizes  than  BaTi03. 

A  technique  which  we  believe  is  of  major  importance  for  the  characterization  of  both 
bulk  and  thin  film  ferroelectric  surfaces  is  discussed  in  Appendix  51.  Spectroscopic 
ellipsometry  permits  a  nondestructive  but  highly  refined  analysis  of  local  density  variations. 
Recent  work  at  Penn  State  now  permits  the  met  od  to  be  applied  to  highly  transparent  crystals 
with  uniaxial  anisotropy.  In  applications  to  Pb(ZrTi)03  films  the  method  has  shown  that 
several  descriptions  of  apparent  thickness  effects  in  these  films  are  due  to  low  density  regions 
near  the  substrate  film  interface. 

8.0  HONORS  AND  AWARDS 

Over  the  year  1992  the  Ferroelectric  Group  in  MRL  has  continued  to  receive 
outstanding  recognition  from  both  domestic  and  international  societies.  For  the  1992  94 
Annual  Meeting  of  the  American  Ceramic  Society,  Dr.  L.  Eric  Cross  was  invited  to  give  the 
Orton  Lecture  and  for  the  same  meeting  Dr.  R.  E.  Newnham  gave  the  Sosman  Lecture.  Each 
individually  is  an  outstanding  honor  for  the  program  and  to  be  invited  for  both  in  the  same  year 
sjjeaks  volumes  for  the  standing  of  the  group.  In  July  1992  also.  Dr.  Newnham  was  named 
for  the  First  International  Award  from  the  Academy  of  Ceramics  in  Assisi  Italy,  perhaps  the 
most  prestigious  international  award  in  ceramics  today.  At  the  1992  International  Society  for 
Hybrid  Microelectronic  (ISHM)  meeting,  W.  Hackenberger,  T.  Shrout  and  J.  Dougherty  were 
given  the  award  for  the  best  paper  at  the  meeting  and  in  December,  at  the  MRS  meeting  in 
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Boston,  Dr.  Cross  was  honored  by  the  Society’s  Medal  and  Award  for  Outstanding 
Innovation. 


List  of  Honors/ Awards 


Name  of  Person 
Receiving  Award 

Recipient’s 

Institution 

Name,  Sponsor  and 

Purpose -M-Award 

L.  Eric  Cross 

Penn  State  University 

American  Ceramic  Society 
Orton  Lecture  and  Award 

R.  E.  Newnham 

Penn  State  University 

American  Ceramic  Society 
Sosman  Lecture  and  Aw^ 

R.  E.  Newnham 

Penn  State  University 

International  Research 
Award 

Academy  of  Ceramics 
Assisi,  Italy 

L.  Eric  Cross 

Penn  State  University, 

Materials  Research  Society 
Medal  and  Award  1992 
Boston,  Massachusetts 

W.  Hackenburger 

T.  R.  Shrout 

J.  Doughery 

Penn  State  University 

Best  paper  of  the  Session 
IntematitMial  Society  for 
Hybrid  Microelectronics 
(ISHM  1992  Meeting) 
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9.0  APPRENTICE  PROGRAM 


1992  ONR  APPRENTICE  PARTICIPANTS 

1 .  Name:  David  L.  Cade 

Home  Address;  105  E.  Cliveder  Street 

Philadelphia,  PA  19119 
College:  Villa  Nova,  Pennsylvania 

Major  Mechanical  Engineering  [Freshman,  Fail  1992] 


David  Cade  performed  library  research  on  scientific  literature  relevant  to  the  area  of 
ferroelectrics.  He  also  assisted  in  the  fabrication  and  preparation  of  fine  scale  single 
crystals  of  Pb(2i:i/3Nb2/3)03  to  be  use  in  domain  studies. 
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18 


10.0  PAPERS  PUBLISHED  IN  REFEREED  JOURNALS  (continued) 

16.  Oh,  Ki- Young,  Yutaka  Saito,  Atsushi  Furuta  and  Kenji  Uchino,  “Piezoelectricity  in  the 
Field  Induced  Ferroelectric  Phase  of  Lead  Zirconate  Based  Andferroelectrics,”  J.  Amer. 
Ceram.  Soc.  2i,  795  (1992). 

17.  Newnham,  R.  E.,  Q.  C.  Xu,  K.  Onitsuka  and  S.  Yoshikawa,  “A  New  Type  of 
Flextensional  Transducer,”  Proc.  3‘’<*  IntT.  Mtg.  on  Transducers  for  Sonics  and 
Ultrasonics  (May  1992). 

18.  Randall,  C.  A.,  D.  V.  Miller,  J.  H.  Adair  and  A.  S.  Bhalla,  “Processing  of 
electroccramic -polymer  composites  Using  the  Electro  Rheological  Effea,” 

J.  Mat.  Res.  S,  1  (1993). 

19.  Newnham,  R.  E.,  “Structural-Property  Relations  in  Dieleciropharetically  Assembled 
BaTi03  Nanocomposites,”  Materials  Letters  15, 26  (1992). 

20.  Huebner,  W.,  “Structure  Property  Relations  in  Core-Shell  BaTi03:LiF  Ceramic,”  J. 
Mat.  Res.  S  (4),  21  (1993). 

21.  Randall,  C.  A.,  G.  A.  Rossetti  and  W.  Cao.,  “Spacial  Variation  of  Polarization  in 
Ferroelectrics  and  Related  Materals,”  Special  Issue  of  Ferroelectrics,  Williamsburg 
Meeting  on  Critical  Experiments. 

22.  Newnham,  R.  E.,  “Lead  Zirconate  Titanate  Films  on  Nickel  -  Titanium  Shape  Memory 
Alloys:  SMARTEES,”  J.  Amer.  Ceram.  Soc.  25,  2891  (1992). 

23.  Sugawara,  Y.,  K.  Onitsuka,  S.  Yoshikawa,  Q.  C.  Xu,  R.  E.  Newnham  and  K. 
Uchino,  “Met^-Ceramic  Composite  Actuators,  “J.  Amer.  Ceram.  Soc.  15  (4),  996 
(1992). 

24.  Damjanovic,  D.,  and  R.  E.  Newnham.  “Elcctrostrictive  and  Piezoelectric  Materials  for 
Actuator  Applications,”  J.  Intell.  Mt.  Syst.  and  Struct.  1,  190  (1992). 

25.  Xu,  Q.  C,  A.  Dogan,  J.  Tressler,  S.  Yoshikawa  and  R.  E.  Newnham,  “Ceramic- Metal 
Composite  Actuators,”  Ferroelectrics  Special  Issue  on  Actuators. 

26.  Uchino,  K.,  and  A.  Furuta,  “Destruction  Mechanisms  in  Multilayer  Ceramic 
Actuators,”  Proc.  ISAF  1992,  Greenville,  South  Carolina,  pp.  195. 

2”^.  Uchino,  K.,  “Piezoelectric  Ceramics  in  Smart  Actuators  and  Systems.”  Proc.,!*' 
European  Conference  on  Smart  Structures  and  Materials. 

28.  Furuta,  A.,  Ki-Young  Oh  and  K.  Uchino,  “Shape  Memory  Ceramics  and  Their 
Applications  to  Latching  Relays,”  Sensors  and  Materials,  5  (4),  205  (1992). 

29.  Jiang,  Q.,  Wenwu  Cao  and  L.  E.  Cross,  “Electric  Fatigue  Initiated  by  Surface 
Contaminate  in  High  Polarization  Ceramics,”  Proc.  ISAF  1992,  Greenville,  South 
Carolina,  pp.  107. 

30.  Jiang,  Q.,  Wenwu  Cao  and  L.  E.  Cross,  “Electric  Fatigue  in  PLZT  Ceramics,”  J.  Mat 
Sci.  (in  press). 


19 


ONR  1992  Annual  Report 


10.0  PAPERS  PUBLISHED  IN  REFEREED  JOURNALS  (continued) 


31.  Cao,  Wenwu,  Q.  M.  Zhang  and  L.  E.  Cross.,  “Theoreiicai  Study  on  the  Static 
Performance  of  Piezoelectric  Ceramic-Polymer  Composites  with  1:3  connectivity,”  J. 
Appl.  Phys.  22,  5814  (1992). 

32.  Zhang,  Q.  M.,  Wenwu  Cao,  H.  Wang  and  L.  E.  Cross,  “Characterization  of  the 
Performance  of  1-3  Type  Piezocomposites  for  Low  Frequency  Applications,”  J.  Appl. 
Phys.  21,  1403  (1993). 

33.  Zhang,  Q.  M.,  Wenwu  Cao,  H.  Wang  and  L.  E.  Cross,  “Strain  Profile  and 
Piezoelectric  Performance  of  Piezocomposites  with  2:2  and  1:3  Connectivities,”  Proc. 
ISAF  1992,  Greenville,  South  Carolina,  pp.  252. 

34.  Zhang,  Q.  M.,  H.  Wang  and  L.  E.  Cross,  “Piezoelectric  Tubes  and  1-3  type  Tubular 
Composites  as  Tuneable  Actuators  and  Sensors,”  J.  Mat.  Sci.  (in  press). 

35.  Shroui,  Thomas  R.,  and  Scott  L.  Swartz,  “Processing  of  Ferroelectric  and  Related 
Materials:  A  Review,”  Proc.  ISAF  1992,  Greenville,  South  Carolina. 

36.  Rossetti,  G.  A.,  D.  J.  Watson,  R.  E.  Newnham  and  J.  R  Adair,  “Kinetics  of  the 
Hydrothermal  Crystallization  of  the  Perovskite  Lead  Titanate,”  J.  Crystal  Growth  1 16. 
251  (1992). 

37.  Prasadarao,  A.  V.,  U.  Selvaraj,  S.  Komameni  and  A.  S.  Bhalla,  “Sol-Gel  Synthesis  of 
Ln2(Ln  =  La,  Nd)Ti207.”  J.  Mat.  Res.  2.  2859  (1992). 

38.  Prasadarao,  A.  V.,  U.  Selvaraj,  S.  Komameni  and  A.  S.  Bhalla,  “Sol-Gel  Synthesis  of 
Strontium  Pyroniobate  and  Cdcium  Pyroniobate,”  J.  Amer.  Ceram.  Soc.  21(10,  2697 
(1992). 

39.  Prasadarao,  A.  V.,  U.  Selvaraj,  S.  Komameni  and  A.  S.  Bhalla,  “Fabrication  of 
La2Ti2C>7  TTiin  Films  by  a  Sol-Gel  Technique,”  Ferroelectrics  Letters  14, 65  (1992). 

40.  Wang,  S.  F,  U.  Kumar,  W.  Huebner,  P.  Marsh,  H.  K.  Kunkel  and  C.  G.  Oakley, 
“Grain  Size  Effects  on  the  Induced  Piezoelectric  Properties  of  0.9  PMNiO.lPT 
Ceramics,”  Proc.  ISAF  1992,  Greenville,  South  Carolina. 

41.  Randall,  C.  A.,  A.  D.  Hilton,  D.  J.  Barber  and  T.  R.  Shrout,  “Extrinsic  Contributions 
to  the  Grain  Size  Dependence  of  Relaxor  Ferroelectric  Pb(Mgi/3Nb2/3)03;PbTi03 
Ceramics,”  J.  Mat.  Res.  fi  (4)  (1993). 

42.  Hiremath,  B.  V.,  R.  E.  Newnharn  and  L.  E.  Cross,  “Barrier  Layer  Capacitor  using 
Barium  Bismuth  Plimbate: Barium  Plumbate,”  J.  Amer.  Ceram.  Soc.  21, 2953  (1992). 

43.  Kumar,  U.,  S.  F.  Wang,  S.  Varanasi  and  J.  P.  Dougheny,  “Grain  Size  Effects  on  the 
Properties  of  Strontium  Barium  Titanate,”  Proc.  ISAF  1992,  Greenville,  South 
Carolina,  pp.  55. 

44.  Kumar,  U.,  S.  F.  Wang  and  J.  P.  Dougherty,  “Preparation  of  Dense  Ultra-Fine  Grain 
Barium  Titanate-Based  Ceramics,”  Proc.  ISAF  1992,  Greenville,  South  Carolina, 

pp.  70. 


20 


10.0  PAPERS  PUBLISHED  IN  REFEREED  JOURNALS  (continued) 


45.  Chen,  I.,  K.  R.  Udayakumar,  K.  G.  Brooks  and  L.  E.  Cross.  “Dielectric  Behavior  of 
Ferrelectric  Thin  Films  at  High  Frequency,”  Proc.  ISAF  1992,  Greenville,  South 
Carolina,  pp.  182. 

46.  Uchino,  K.,  N-Y  Lee,  T.  Toba,  N.  Usuki,  H.  Aburatani  and  Y.  Ito,  “  Changes  in  the 
Crystal  Structure  of  RF-Magnetron  Sputtered  BaTi03  Thin  Films,”  J.  Chem.  Soc. 
Japan  100  (9).  1091  (1992). 

47.  Newnham,  R.  E.,  K.  R.  Udayakumar  and  S.  Trolier-McKinstry,  “Size  Effects  in 
Femoeleccric  Thin  Films,”  Chemical  Processing  of  Advanced  Materials.  Edited  by  Lary 
L.  Hench  and  Jon  K.  West,  John  Wiley  (1992). 


11.0  INVITED  PAPERS  PRESENTED  AT  NATIONAL  AND 
INTERNATIONAL  MEETINGS 

1 .  Newnham,  R.  E.  “Mulrifunctionai  Ceramics  in  the  2  D*  Century,”  IntcmadonaJ  Forum 
on  Fine  Ceramics,  Nagoya,  Japan  (March  10,  1992). 

2.  Bhalla,  A.  S.  “Single  Crystals  Fibers  for  Electrical  and  Optical  Applications.”  ISEF 
Meeting,  Monterey,  California  (March  9-11,  1992). 

3.  Cross,  L.  E.  “Ceramic  Sensors  and  Actuators  for  Smart  Materials  and  Adaptive 
Structures,”  INDO-US  Workshop,  Perspective  in  New  Materials,  Delhi  (March  23-24, 
1992). 

4.  Cross,  L.  E.  “Ceramic  Sensors  and  Actuators  for  Smart  Materials  and  Adaptive 
Structures,”  Orton  Lecture,  Amer.  Ceram.  Soc.  Mtg.,  Minneapolis,  Minnesota  (April 
1992). 

5.  Newnham,  R.  E.  “Structure-Propeny  Relationships  in  Composite  Electroceramics,” 
Sosman  Lecture,  Amer.  Ceram.  Soc.  Mtg.,  Minneapolis,  Minnesota  (April  1992). 

6.  Newnham,  R.  E.  “Smart  Elcctroceramics,”  Amer.  Ceram.  Soc.  Mtg.,  Minneapolis, 
Minnesota  (April  1992). 

7.  Ravindranaihan,  P.,  S.  Komaraneni,  A.  S.  Bhalla  and  R.  Roy.  “Low  Temperature 
Chemical  Routes  in  Smart  Materials,”  Amer.  Ceram.  Soc.  Mtg.,  Minneapolis, 
Minnesota  (April  1992). 

8.  Cross,  L.  E.  “Plenary  Lecture:  Ceramic  Sensors  and  Actuators  for  Smart  Mateftals 
and  Adaptive  Structures,”  ECAPD-2,  Imperial  College,  London  (April  12-15, 1992). 

9.  Newnham,  R.  E.  “Electromechanical  Properties  of  Smart  Materials,”  Symposium  on 
Intelligent  Systems,  Virginia  Polytechnic  Institute  and  State  University,  Blacksburg, 
Virginia  (April  27-29, 1^2). 

10.  Newnham,  R.  E,  and  Q.  C.  Xu.  “A  New  Type  of  Flextensional  Transducer,”  Third 
International  Workshop  on  Transducers  for  Sonics  and  Ultrasonics,  Orlando,  Florida 
(May  6-8,  1992). 


21 


ONR  1992  Annual  Report 


11.0  INVITED  PAPERS  PRESENTED  AT  NATION  A!.  AND 
INTERNATIONAL  MEETINGS  (continued) 

1 1 .  Cross,  L.  E.  “Materials  for  Adaptive  Structural  Acoustic  Control;  Topic  on  the  Penn 
State  URI  Program,”  ONR  Workshop  on  “Adaptive  Structures  with  Active  Materials,” 
Washington,  DC  (May  18-19, 1992). 

12.  Newnham,  R.  E.  “Structure-Property  Relationships  in  Actuator  Materials,”  Army 
Symposium  on  “Materials  by  Design,”  Jekyll  Island,  Georgia  (May  20-22, 1992). 

13.  Newnham  R.  E.  “Piezoelectric  Sensors  and  Actuators:  Smart  Materials,”  IEEE 
Frequency  Control  Symposium  Keynote  Address,  Hershey,  Pennsylvania  (May  27-28, 
1992). 

14.  Newnham,  R.  E.  “Sman  Materials  for  Sensors  and  Actuators,”  Physical  Metallurgy 
Gordon  Conference,  Plymouth,  New  Hampshire  (June  15-19,  1992). 

15.  Newnham,  R.  E.  “Intelligent  Electroceramics,”  International  Research  Award, 
Academy  of  Ceramics,  Assisi,  Italy  (June  26-28,  1992). 

16.  Cross,  L.  E.  “Ferroelectric  Thin  Films  and  Their  Applications,”  Seminar  on 
Fenroelectricity,  Tsukuba  Science  City,  Tokyo,  Japan  (July  22-23,  1992). 

17.  Newnham,  R.  E.  “Tunable  Transducers:  Nonlinear  Phenomena  in  Nanocrystalline 
Electroceramics,”  American  Crystallographic  Association  Meeting,  Pittsburgh. 
Pennsylvania  (August  14, 1992). 

1 8.  Newnham,  R.  E.  “Structure-Propeny  Relations  in  Integrated  Ceramics,”  International 
Symposium  on  the  Reactivity  of  Solids,  Madrid,  Spain  (September  28-30, 1992). 

19.  Cross,  L.  E,  “Recent  Developments  in  Piezoelectric  and  Elecirostrictive  Sensors  and 
Actuators  for  Sman  Structures,”  AGARD  Conference,  Lindau  Germany  (October  5, 
1992). 

20.  Newnham,  R.  E.  (keynote  lecture).  “Structure  Property  Relationships  in  Composite 
Elcctroccramics,”  American  Society  fta- Composite  Materials  (Ojtobcr  13-15, 1992). 

21.  Cross,  L.  E.  “Piezoelectric  Sensors  and  Actuators  for  Sman  Materials,”  Stein 
Conference,  Drexel  University,  Philadelphia,  Pennsylvania  (October  20-21, 1992). 

22.  Newnham,  R.  E.,  Q.  C.  Xu  and  S.  Yoshikawa.  “Composite  Actuators,”  Third  Int’l. 
Ceramic  Science  and  Tech.  Congress,  San  Francisco,  California  (November  1-4, 
1992). 

23.  Newnham,  R.  E.,  S.  Trolier-McKinstry,  J.  P.  Dougheny  and  T.  R.  Shrout. 
“Structure  Property  Relations  in  High  Permittivity  Ceramics,”  Third  IntT.  Ceramic 
Science  and  Tech.  Congress,  San  Francisco,  California  (November  1-4,  1992). 

24.  Cross,  L.  E.  “Relaxor  Ferroclcctrics,”  Third  IntT.  Ceramic  Science  and  Tech. 
Congress,  San  Francisco,  C^ifomia  (November  1-4, 1992). 

25.  Cross,  L.  E.  “Relaxor  Ferroclcctrics:  Useful  Self  Assembling  Self  Limiting 
Nanocomposites,”  Materials  Research  Society  Medal/Award  Lecture,  Boston. 
Massachusetts  (December  1-4, 1992). 
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12.0  INVITED  PRESENTATIONS  AT  UNIVERSITY,  INDUSTRY  AND 
GOVERNMENT  LABORATORIES 

1 .  January  6-10, 1992,  "Oxide  Engineering,”  R.  E.  Newnham  and  S.  McKinstry,  shon 
course  ai  Coming  Glass  Works,  Coming,  New  York. 

2 .  January  21 ,  1992,  "Ferroelectric  Thin  Films,”  R.  E.  Newnham,  seminar  at  Army 
Electronics  Laboratory,  Fort  Monmouth,  New  Jersey. 

3 .  February  2 1 ,  1992,  "Low  Permittivity  Dielectrics  for  Electronic  Packages,”  R.  E. 
Newnham,  International  Society  for  Hybrid  Microelectrics,  Ojai,  California. 

4.  Febmary  25, 1992,  "Advanced  Piezoelectric  Materials,”  R.  E.  Newnham,  Workshop  on 
Materials  and  Systems  for  Space  Applications,  Pentagon,  Washington,  D.  C. 

5 .  February  26,  1992,  "Biomimetic  Sensors  and  Actuators,”  R.  E.  Newnham,  Naval 
Research  Laboratory  seminar,  Washington,  D.  C. 

6.  March  10,  1992,  "Multifunction  Ceramics  in  the  21st  Century,”  R.  E.  Newnham, 
International  Forum  on  Fine  Ceramics,  Nagoya,  Japan. 

7 .  March  1 1, 1992,  "Smart  Ceramics,”  R.  E.  Newnham,  TDK  Research  Laboratory 
Narita,  Japan. 

8.  March  13, 1992,  "Smart  Ceramics,”  R.  E.  Newnham,  Nippon  Steel  Research  and 
Development  Center,  Yokohama,  Japan. 

9.  March  23, 1992,  "Microwaves  and  Matter,”  R.  E.  Newnham,  Centre  for  Dielectric 
Studies  spring  meeting,  Penn  State  University,  University  Park,  Pennsylvania. 

10.  April  3,  1992,  "Electroceramics  in  the  1990s  and  Beyond,”  R.  E.  Newnham,  Ceramics 
Association  of  New  Jersey,  New  Brunswick,  New  Jersey. 

1 1 .  April  17, 1992,  "Particle  Alignment  in  0-3  Composite  Electroccramics,”  R.  E. 
Newnham,  NEDO  Symposium,  Minneapolis,  Minnesota. 

12.  June  4, 1992,  "Japan  Fine  Ceramics  Center:  A  Model  Research  Park,”  R.  E. 
Newnham,  Materials  Research  Instinite,  Penn  State  University,  University  Park, 
Pennsylvania. 

1 3.  June  11, 1992,  "Smart  Electroccramics,”  R.  E.  Newnham,  National  Research  Council, 

Materials  Advisory  Board,  Washington,  D.  C.  • 

1 4.  July  2, 1992,  "Smart  Ceramics,”  R.  E.  Newnham,  Philips  Research  Laboratory 
seminar,  Aachen,  Germany. 

15.  July  3,  1992,  "Actuators,  Sensors,  and  Transducei*s,”  R.  E.  Newnham,  Electrical 
Engineering  Department  seminar,  Aachen  University,  Aachen,  Germany. 

1 6.  July  7,  1992,  "Sman  Materials,”  R.  E.  Newnham,  seminar  at  Max-Planck  Institute, 
Stuttgan,  Germany. 
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12.0  INVITED  PRESENTATIONS  AT  UNIVERSITY,  INDUSTRY  AND 
GOVERNMENT  LABORATORIES  (continued) 

17.  July  8,  1992,  "Ferroelectric  Sensors  and  Actuators,”  R.  E.  Newnham,  Materials 
Science  Department  seminar,  Lausanne  University,  Lausanne,  Switzerland, 

18.  July  13-17,  1992,  Short  course  on  Crystal  Physics  and  Crystal  Chemistry  (five 
lectures),  R.  E.  Newnham,  Department  of  Chemistry,  University  of  Geneva,  Geneva, 
Switzerland. 

19.  August  17-21, 1992,  Shon  course  on  "Oxide  Engineering,”  R.  E.  Newnham  and  S. 
McKinstry,  Coming  Glass  Works,  Coming,  New  York. 

20.  August  27,  1992,  "Metal-Ceramic  Composite  Actuators,”  R.  E.  Newnham,  U.S.-Japan 
Electroceramics  meeting,  Penn  State  University,  University  Park,  PA. 

21 .  September  25,  1992,  "Electroceramics  in  the  1990s"  (invited),  R.  E.  Newnham, 
Pennsylvania  Ceramics  Association  meeting,  Penn  State  University,  University  Park, 
Pennsylvania. 

22.  December  14,  1992,  "Structure-Property  Relations  in  Composite  Electroceramics.”  R. 
E.  Newnham,  National  Institute  for  Research  on  Inorganic  Materials,  Tsukuba,  Japan. 

23.  December  15,  1992,  "Structure- Property  Relations  in  Composite  Sensors  and 
Actuators,”  R.  E.  Newnham,  Sumitomo  Chemical  Company  Research  Laboratories, 
Tsukuba, Japan. 

24.  December  15, 1992,  "Structure-Property  Relations  in  Composite  Electroccramics,”  R. 
E.  Newnham,  Chemistry  Department  Seminar,  University  of  Tokyo,  Tokyo,  Japan. 

25 .  December  16, 1992,  "Dieleccrophoretic  Alignment  of  Particles  in  Composite 
Electroccramics,”  R.  E.  Newnham,  C.  Bowen,  C.  Randall  and  A.  Bhilla,  Chemistry 
Department  Seminar,  University  of  Tokyo,  Tokyo,  Japan. 

26.  December  17,  1992,  "Composite  FlextensionaJ  Transducers,”  R.  E.  Newnham,  Omron 
Corporation  Research  Laboratories,  Tsukuba,  Japan. 


13.0  CONTRIBUTED  PAPERS  AT  NATIONAL  AND  INTERNATIONAL 
MEETINGS 

Annual  Meeting  of  the  American  Ceramic  Society,  Minneapolis,  Minnesota  (April  1992) 

«k. 

1.  Trcssler,  J.  F.,  Q.  C.  Xu  and  R.  E.  Newnham,  Pennsylvania  State  University. 
University  Park,  PA.  “Modified  Metal-PZT  Composite  Flcxtensional  Transducer.” 

2.  Onitsuka,  K.,  Q.  C.  Xu  and  R.  E.  Newnham.  Pennsylvania  State  University, 
University  Park,  PA.  “Effect  of  Geometry  and  Bonding  in  Flcxtensional 
Transducers.” 

3.  Dogan,  A.,  Q.  C.  Xu  and  R.  E.  Newnham,  Pennsylvania  State  University.  University 
Park,  PA.  “Electrode  Bonding  in  Multilayer  Ccramic-Meial  Composite.” 
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13.0  CONTRIBUTED  PAPERS  AT  NATIONAL  AND  INTERNATIONAL 
MEETINGS  (continued) 

4.  Brooks,  K.  G..  J.  Chen,  K.  R,  Udayakumar  and  L.  E.  Cross,  Pennsylvania  State 
University,  University  Park,  PA.  “Kinetics  of  Antiferroelectric  to  Ferroelectric  Phase 
Switching  in  Modified  Tetragonal  Lead  Ziiconate  Titanate  Stannate  Thin  Films.” 

5.  Li,  S.,  C.  Y.  Huang,  Q.  M.  Zhang  and  L.  E.  Cross,  Pennsylvania  State  University, 
University  Park,  PA.  “90*  Domain  Reversal  in  Pb  {ZrxTii-x)03.” 

6.  Uchino,  K.,  M.  L.  Mulvihill  and  R.  P.  Brodeur,  Pennsylvania  State  University, 
University  Park,  PA.  “Dynamic  Observation  of  the  Domain  Movement  in  Relaxor 
Ferroelec  tries.” 

7.  Srivastava,  A,  A.  S.  Bhalla  and  L.  E.  Cross,  Pennsylvania  State  University, 
University  Park,  PA.  “Cofired  Lead  Magnesium  Niobate  Based  Actuators.” 

8.  Kitano,  K.  and  R.  E.  Newnham,  Pennsylvania  State  University,  University  Park,  PA. 
“Dielectric  and  Piezoelectric  Propenies  of  Modified  Pb(Nii/3Nb2/3)03  -  PbTi03  - 
PbZr03  System  Ceramics.” 

9.  Taylor,  D.  J.,  E.  F.  Alberta  and  A.  S.  Bhalla.  “Complex  Piezoelectric,  Elastic  and 
dielectric  Coefficients  of  Lead  Zirconate-Lead  Zinc  Niobate  Ceramics  Under  DC  Bias.” 

10.  Fielding,  J.  T.,  Jr.,  D.  McHenry,  C.  Randall,  S,  J.  Jang  and  T.  R.  Shrout, 
Pennsylvania  State  University,  University  Park,  PA.  “Classifications  of 
Electrostrictive-Based  Materials  for  Transducers.” 

11.  Srikanth,  V.,  A.  S.  Bhalla  and  L.  E.  Cross,  Pennsylvania  State  University,  University 
Park,  PA.  “Processing  of  Lead  Indium  Niobate  (PIN)-Lead  Scandium  Tantalate  (PST) 
Ceramics.” 

12.  Alberta,  E.  F.,  D.  J.  Taylor  and  A.  S.  Bhalla.  “The  DC  Field  Dependence  of  the 
Piezoelectric,  Elastic  and  Dielectric  Coefficients  of  a  Lead  21irconate-Based  Ceramic.” 

13.  Yoon,  J.  S.,  V.  Srikanth  and  A.  S.  Bhalla,  Pennsylvania  State  University,  University 
Park,  PA.  “Processing  of  Lead  Zirconate  (PZ)-Lead  Zinc  Niobate  (PZN)  Ceramics  at 
High  Pressures.” 

14.  Srivastava,  A.,  A.  S.  Bhalla  and  L.  E.  Cross,  Pennsylvania  State  University, 
University  Park,  PA.  “The  Liquid  Phase  Sintering  of  Lead  Zirconate  Titanate  for  Low- 
Temperature  Cofired  Devices.” 

15.  Sunder,  V.,  Q.  M.  Zhang,  L.  E.  Cross  and  R.  E.  Newnham,  Pennsylvania  State 
University,  University  Park,  PA.  “Electrostriction  Coefficients  in  Low-K  Oxide 
Materials.” 

16.  Dougherty,  J.  P.,  W.  S.  Hackenberger  and  T.  R.  Shrout,  Pennsylvania  State 
University,  University  Park,  PA.  “Real  Time  Sintering  Observations  of  Multilayer 
Ceramic  Electronic  Substrates  Using  Hot  State  SEM.” 
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13.0  CONTRIBUTED  PAPERS  AT  NATIONAL  AND  INTERNATIONAL 
MEETINGS  (continued) 


17.  Srivastava,  A.,  A.  S.  Bhalla  and  L.  E.  Cross,  Pennsylvania  Slate  University, 
University  Park,  PA.  “Oxide  and  Metal-Oxide  Electrodes  on  Dielectric  Polycrystalline 
Ceramics.” 

18.  Wang,  H.,  Q.  M.  Zhang  and  L.  E.  Cross,  Pennsylvania  State  University,  University 
Park,  PA.  “Piezoelectric  Properties  of  PVDF  Copolymer.” 

19.  Fox,  G.  R.  and  S.  B.  Krupanidhi,  Pennsylvania  State  University,  University  Park, 
PA;  K.  L.  More  and  L.  F.  Allard,  Oak  Ridge  National  Lab,  Oak  Ridge,  TN. 
“Microstructure/Property  Relations  of  I^ad  Lanthanum  Titanate  Thin  Films.” 

20.  Udayakumar,  K.  R.,  J.  Chen,  K.  G.  Brooks  and  L.  E.  Cross,  Pennsylvania  Slate 
University,  University  Park,  PA;  P.  J.  Schuele,  Ramtron  International  Corporation, 
Colorado  Springs,  CO.  “Phase  Relations  and  Electrophysical  Properties  of  Thin  Films 
in  the  Lead  Zirconate-lead  Zinc  Niobate  System.” 

21.  Selvaraj,  U.  A.  V.  Prasadarao,  S.  Komarneni  and  R.  Roy,  Pennsylvania  Stale 
University,  University  Park,  PA.  “Fabrication  of  PT  and  PZT  Thin  Films  by  a 
Modified  Sol-Gel  Technique.” 

22.  Chen,  J.,  K.  G.  Brooks,  K.  R.  Udayakumar  and  L.  E.  Cross,  Pennsylvania  State 
University,  University  Park,  PA.  “Microwave  Assisted  Low  Temperature  Solid  Phase 
Crystallization  of  Ferroelectric  Thin  Films.” 

23.  Selvaraj,  U.,  U.  Kumar,  S.  Komarneni  and  R.  Roy,  Pennsylvania  Stale  University, 
University  Park,  PA.  “Preparation  of  Bai-xSrxTi03(x  =  0  to  1)  Dielectric  Thin  Films 
by  a  Sol-Gel  Process.” 

24.  Chen,  J.,  K.  R.  Udayakumar,  K.  G.  Brooks  and  L.  E.  Cross,  Pennsylvania  State 
University,  University  Park,  PA.  “Dielectric  Properties  of  Ferroelectric  Thin  Films  at 
Microwave  Frequencies.” 

25.  Randall,  C.  A.,  T.  R.  Shrout,  A.  S.  Bhalla  and  L.  E.  Cross,  Pennsylvania  State 
University,  University  Park,  PA;  L.  F.  Allard,  Oak  Ridge  National  Lab,  Oak  Ridge, 
TN.  “A  High  Resolution  Electron  Microscopy  Study  of  Ordering  in  Complete  Lead 
Perovskites.” 

ISAF  92,  Greenville,  South  Carolina  (August  1992). 

26.  Alberta,  E.  F.,  D.  J.  Taylor  and  A.  S.  Bhalla,  Pennsylvania  State  University, 
University  Park,  PA.  “The  DC  Field  Dependence  of  Pyroelectric,  Piezoelectric,  Elastic 
and  Dielectric  Constants  for  a  Lead  Zircon  ate- Based  Ceramic.” 

27.  Wang,  J.  F.,  J.  R.  Giniewicz  and  A.  S.  Bhalla,  Pennsylvania  State  University, 
University  Park,  PA.  “Soft  Piezoelectric  Ceramics  with  High  Coupling  Factors  and 
Low  Qm” 

28.  Ravindranathan,  P.,  S.  Komarneni,  A.  S.  Bhalla  and  R.  Roy,  Pennsylvania  State 
University,  University  Park,  PA.  “Processing  Studies  and  Dielectric  Properties  of 
Pb(Mgi/3Nb2/3)03(PMN)  -  PbTi03  (PT)  System.” 
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13.0  CONTRIBUTED  PAPERS  AT  NATIONAL  AND  INTERNATIONAL 
MEETINGS  (continued) 

29.  Li,  Shaoping,  A.  S.  Bhalla,  Wenwu  Cao  and  L.  E.  Cross,  Pennsylvania  State 
University,  University  Park,  PA.  “Extrinsic  Contributions  to  the  Response  in 
Pb(ZrxTii-xX)3  Ceramics.” 

30.  Li,  Shaoping,  Q.  Ming  Zhang,  Sheen  Jyh  and  L.  E.  Cross,  Pennsylvania  State 
University,  University  Park,  PA.  “Quasi  Lumped  Parameter  Method  of  Microwave 
Measurements  for  Ferroelectric  Ceramics.” 

31.  Yoon,  J.  S.,  V.  Srikanth  and  A.  S.  Bhalla,  Pennsylvania  Stare  University,  University 
Park,  PA.  “The  Electrical  Properties  of  Lead  Zirconate  (PZ)  -  Lead  Zinc  Niobate 
(PZN)  Ceramics  Prepared  by  High  Pressures.” 

32.  Kumar,  S.,  P.  Ravindranathan,  A.  S.  Bhalla  and  L.  E.  Cross,  Pennsylvania  State 
University,  University  Park,  PA.  “Smart  Thin  Layers  for  Acoustic  Control.” 

33.  Kumar,  S.,  A.  S.  Bhalla  and  L.  E.  Cross,  Pennsylvania  State  University,  University 
Park,  PA.  “Smart  Structures  Using  Electrostrictive  Materials  for  Vibration  Control.” 

34.  Giniewicz,  J.  R.,  A.  S.  Bhalla  and  L.  E.  Cross,  Pennsylvania  State  University, 
University  Park,  PA.  “An  Investigation  of  the  Lead  Scandium  Tantalate-Lcad  Titanate 
Solid  Solution  System.” 

35.  Taylor,  D.  J.  and  A.  S.  Bhalla.  “The  DC  Field  Dependence  of  the  Complex 
Piezoelectric,  Elastic  and  Dielectric  Coefficients  in  Normal  and  Relaxor  Fcnoelectrics.” 

36.  Srivastava,  A.,  A.  S.  Bhalla  and  L.  E.  Cross,  Pennsylvania  State  University, 
University  Paric,  PA.  “Conductive  Perovskites  as  Potential  Electrodes  for  Ferroelectric 
Devices.” 

37.  Zhang,  Qiming,  Wenwu  Cao,  H.  Wang  and  L.  E.  Cross,  Pennsylvania  State 
University,  University  Park,  PA.  “The  Static  and  Dynamic  Performance  of  1-3 
Composite.” 

38.  Jiang,  Qiyue,  Wenwu  Cao  and  L.  E.  Cross,  Pennsylvania  State  University,  University 
Park,  PA.  “T^e  Influence  of  Surface  Conditions  on  Electric  Fatigue  of  Ferroelectrics.” 

Other  Contributed  Presentations 

39.  Cao,  Wenwu  and  L.  E.  Cross,  Pennsylvania  State  University,  University  Park,  PA. 
“Ratio  of  Rhomobohedral  and  Tetragonal  Phases  on  the  Morphotropic  Phase  Boundary 
in  Lead  Zirconate  Titanate,”  Second  Williamsburg  Workshop  on  First-Principles 
Calculations  for  Fenoelectricity,  Williamsburg,  VA  (February  1992). 

40.  Cao,  Wenwu  and  L.  E.  Cross,  Pennsylvania  State  University,  University  Park,  PA. 
“Elastic  Compatibility  and  charge  Neutrality  in  the  Domain  Structures  of 
Ferroelectrics,”  American  Physical  Society  Meeting,  Indianapolis,  Indiana  (March 
1992). 
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13.0  CONTRIBUTED  PAPERS  AT  NATIONAL  AND  INTERNATIONAL 
MEETINGS  (continued) 

41.  Cao,  Wenwu,  V.  Srikanth,  E.  C.  Subbarao  and  L.  E.  Cross,  Pennsylvania  State 
University,  University  Park,  PA.  “In  Situ  Study  of  the  Poling  Process  in  Lead 
Zirconate  Titanate  Ceramic  Using  Acoustic  Emission,”  American  Physical  Society 
Meeting,  Indianapolis,  Indiana  (March  1992). 

42.  Cao,  Wenwu,  Pennsylvania  State  University,  University  Park,  PA.  “Partitioning  of 
Ferroelectric  Phases  Near  the  Morphotropic  Phase  Boundary  in  Lead  Zirconate 
Titanate,”  ONR  Transducer  Materials  Review,  State  College,  PA  (April  21-23,  1992). 

Books  (and  sections  thereof) 

1 .  Newnham,  R.  E.  Composite  Electroccramics,  Concise  Encyclopedia  of  Composites. 
Vol.  6.  S.  Lee,  Editor,  VCH  Publisher.  New  York,  158-173  (1992). 

2.  Amin,  A.  and  R.  E.  Newnham,  Thermistors  Chapter  in  Electronic  Ceramic  Materials, 
edited  by  J.  Nowomy.  Trans.  Tech.  Publications,  Zurich,  559  pp.  (1992). 

3.  Moffat,  D.  M.,  J.  Runt,  W.  Huebner,  S.  Yoshikawa  and  R.  Newnham.  PTC  Effects 
in  Conductor-Filled  Amorphous  Polymer  Composites.  Chapter  3  (pp.  51-64)  in 
Composite  Applications:  The  Role  of  Matrix.  Fiber,  and  Interface.  Edited  by  T.  L. 
Vigo  and  b.  J.  Kinzig,  VCH  Publishers,  New  York,  1992,  407  pp.  (1992). 

4.  Newnham,  R.  E.  and  T.  R.  Shrout.  Electronic  Ceramics,  Kirk-Othmer  Encyclopedia 
(Concise  Edition).  John  Wiley  and  Sons,  New  York  (1992). 

5.  Newnham,  R.  E.,  K.  R.  Udayakumar  and  S.  Trolier-McKinstry.  Size  Effects  in 
Ferroelectric  Thin  Films,  Chemical  Processing  of  Advanced  Materials,  edited  by  L.  L, 
Hench  and  J.  K.  West,  John  Wiley  &  Sons,  Inc.  36,  379-393  (1992). 
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MEMORIES  OF  ARTHUR  VON  HIPPEL 

R.  E.  NEWNHAM 

251  Materials  Research  Laboratory,  Pennsylvania  Slate  University, 
University  Park,  PA  16802 


In  1958. 1  moved  from  Cambridge,  England,  to  Cambridge,  Massachusetts  where 
!  joined  the  staff  of  the  Laboratory  for  Insulation  Research  at  M  I.T.  Professor 
von  Hippel  (the  “Prof”)  directed  the  lab  for  more  than  20  years.  In  many  ways, 
tlie  Laboratory  for  Itisulaiion  Research  served  as  a  model  for  contemporary  ma¬ 
terials  research  laboratories  with  a  team  of  chemists,  crystal  growers,  crystallog- 
raphers,  physicists,  ceramists,  and  electrical  engineers  ail  working  on  dielectric 
materials  of  all  types.  At  the  time,  1  was  there  the  staff  included  Alexander  Smakula, 
Janis  Kalnajs.  Bill  Westphal,  David  Epstein.  Perry  Miles,  George  Economos, 
Arthur  Linz.  Gene  Farrell,  Carl  Nelson,  and  Ron  Fuchs.  Aina  Sils  was  the  labo¬ 
ratory  secretary,  Stan  Kingsbury  the  business  manager,  and  the  beautiful  illustra¬ 
tions  in  the  lab  reports  and  books  were  drawn  by  draftsman  John  Marra.  The  main 
part  of  the  laboratory  was  housed  on  the  second  floor  of  Building  4  overlooking 
the  courtyard  and  the  Charles  River. 

For  several  years,  I  assisted  Professor  von  Hippel  in  teaching  his  graduate  course 
on  “Molecular  Engineering."  The  lectures  loosely  followed  the  topics  in  his  book 
“Dielectrics  and  Waves"  beginning  with  equivalent  circuit  representations  of  ma¬ 
terials.  followed  by  atomistic  and  electronic  models  of  permittivity,  conductivity, 
and  electric  breakdown.  Perhaps  the  most  interesting  part  of  the  course  was  the 
Wednesday  afternoon  “Round  Table  Discussion."  After  coffee  and  doughnuts,  the 
students  gathered  around  a  big  table  and  Professor  von  Hippel  would  introduce 
the  topic-of-the-day  and  a  specialist  in  the  field.  Topics  ranged  from  high  voltage 
breakdown  to  molecular  biology,  reflecting  the  broad,  humanistic  interests  of  Pro¬ 
fessor  von  Hippel.  Several  chapters  in  his  book  “Molecular  Engineering”  grew  out 
of  these  discussions. 

I  left  the  Laboratory  for  Insulation  Research  in  1966  when  Professor  von  Hippel 
retired,  but  he  had  a  lasting  influence  over  my  thoughts  and  career.  My  interest 
in  structure-property  relationships  and  in  ferroelectricity  began  with  the  round  table 
discussions  and  the  research  work  at  M.I.T.  The  Prof  was  also  a  great  inspiration 
in  how  to  deal  with  people  from  many  countries  working  in  many  different  disci¬ 
plines.  He  knew  how  to  pul  it  all  together. 
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FERROELECTRIC  SENSORS  AND  ACTUATORS: 
SMART  CERAMICS 


Robert  E.  Newnham 

"Smart"  materials  have  the  ability  to  perform  both  sensing  and  actuating  functions. 
Fa,s.sively  smart  materials  respond  to  external  change  in  a  useful  manner  without 
assistance,  while  actively  smart  materials  have  a  feedback  loop  which  allows  them  to 
both  recognize  the  change  and  initiate  an  appropriate  response  through  an  actuator 
circuit. 

One  of  the  techniques  u.sed  to  impart  intelligence  into  materials  is  "Biomimetics,"  the 
imitation  of  biological  functions  in  engineering  materials.  Composite  ferrocleclrics 
fashioned  after  the  lateral  line  and  swim  bladders  of  fish  are  used  to  illustrate  the  idea. 
"Very  .Smart"  materials,  in  addition  to  sen.sing  and  actuating,  have  the  ability  to  "learn" 
by  altering  their  property  cocfficents  in  re.sponse  to  the  environment.  Field-induced 
changes  in  the  nonlinear  properties  of  relaxor  feiroclccirics  and  soft  rubber  are  utilized 
to  construct  tunable  transducers.  Integration  of  multifunctional  ferroic  ceramics  into 
compact,  robust  packages  is  a  major  goal  in  the  development  of  smart  materials 


1  Introduction 

It  has  been  said  that  life  it.self  is  mtiiion,  from  the  single  cell  to  the  most  complex  organism:  the 
human  body.  This  motion,  in  the  form  of  mobility,  change,  and  adaptation,  is  what  elevates  living 
beings  above  the  lifeless  forms  (Rogers,  1990).  This  concept  of  creating  a  higher  form  of 
materials  and  structures  by  providing  the  necessary  life  functions  of  sensing,  actuating,  cor'rol. 
and  intelligence  to  those  materials  is  the  motiva'ion  for  studying  smart  material.s. 

Smart  materials  are  part  of  smart  systems  -  functional  materials  for  a  variety  of  engineering 
applications.  Smart  medical  systems  for  the  treatment  of  diabetes  with  blood  sugar  sensors  and 
insulin  delivery  pumps.  .Smart  airplane  wings  that  achieve  greater  fuel  efficiency  by  altering  their 
shape  in  respon.se  iti  air  prc.ssure  and  flying  speed.  Smart  toilets  that  analyze  urine  as  an  early 
warning  .system  for  health  problems.  Smart  structures  in  outer  space  incorporating  vibration 
cancellation  systems  that  compensate  for  the  absence  of  gravity  and  prevent  metal  fatigue.  Smart 
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toys  like  '  Altered  Beast"  where  one  is  awakened  from  the  dead  and  must  learn  to  survive  in  the 
hostile  environment  of  a  different  age.  Smart  houses  with  cletU’oehromic  windows  that  conuol  the 
flow  of  heat  and  light  in  response  to  weather  changes  and  human  aetivity.  Smart  tennis  rackets 
with  rapid  internal  adjustments  for  overhead  smashes  and  delicate  drop  shots.  Smart  muscle 
implatits  made  from  rubbery  gels  that  respond  to  electric  fields,  and  smart  dental  braces  made  from 
shape  memory  alloys  Smart  bulls  and  propulsion  systems  for  navy  ships  and  submarines  that 
detect  Mow  noise,  remove  turbulence,  and  prevent  detection.  Smart  water  purification  systems  that 
sense  and  remove  noxious  pollutants.  A  number  of  smart  systems  have  already  been  developed  for 
automobiles,  but  there  arc  many  more  to  come.  In  a  recent  newspaper  cartoon.  Blondic  and 
Dagwood  encountered  a  smart  automobile  that  drives  itself  back  to  the  finance  company  when  the 
owner  misses  a  payment! 

In  this  chapter  the  iuca  of  "smartnc.ss"  in  a  material  is  discussed,  along  with  a  number  of 
examples  involving  ferroelectric  components.  Some  of  these  smart  ceramics  are  in  production, 
while  otiters  have  great  potential  but  are  thus  far  limited  to  laboratory  investigations. 

To  begin  our  di.scussion.  we  first  define  "smart"  to  set  the  limits  for  classifying  smart 
materials. 


2  How  Smart  is  Smart? 

The  short  answer  is  "not  very."  Webster's  dictionary  gives  several  definitions  for  the  word 
SMART,  including  "alert,  clever,  capable."  "styli.sh,"  and  "to  feel  mental  distress  or  irritation."  All 
three  definitions  are  appropriate  for  the  currently  fashionable  subject,  "smart  materials."  They  are 
"stylish,”  they  are  -  in  some  cases  -  "clever,”  and  it  does  cause  some  of  us  "mental  distress"  to 
think  that  a  ceramic  might  .somehow  po.sse.ss  intelligence,  even  in  rudimentary  form. 

There  arc  many  words  in  the  English  language  denoting  various  degrees  of  intelligence. 
Beginning  at  li.e  bottom,  an  intelligence  scale  might  look  like  this:  stupid  -  dumb  -  foolish  -  trivial  - 
sensible  -  smart  =  clever  -  intelligent  -  wise.  Many  modern  day  materials  have  been  cleverly 
designed  to  carry  out  useful  functions  and.  in  some  cases,  that  we  are  Justified  in  calling  them 
"smart."  They  are  decidedly  better  than  "sensible"  materials,  but  calling  them  "intelligent"  seems 
rather  presumptuous  and  self-serving.  Perhaps  in  the  future,  when  we  are  able  to  integrate 
information  -  proces.sing  and  feedback  circuitry  into  our  sensor  and  actuator  materials,  perhaps 
then  we  will  be  justified  in  calling  our  materials  "intelligent.’  As  pointed  out  later,  such  a  lime  is 
not  far  off. 

To  clarify  the  concept  of  smart  materials,  we  describe  a  few  examples  of  passive  and  active 


smartness. 
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3  Passive  Smartness 

A  passively  smart  material  has  the  ability  to  respond  to  environmental  conditions  in  a  useful 
manner.  A  passively  smart  material  differs  from  an  actively  smart  material  in  that  there  are  no 
external  fields  or  forces  or  feedback  systems  used  to  enhance  its  behavior.  The  "S"  words  in 
Table  I  summarize  some  of  the  meanings  of  passive  smartness. 

Table  1;  Some  Attributes  of  Pa.ssive  Smartness 


Selectivity 
Self  Diagnosis 
Self  Tuning 
Sensitivity 
Shapeability 
Self  Recovery 
Simplicity 
Self  Repair 

Stability  and  Multistability 
Stand-by  Phenomena 
Survivability 

Switcliability _ 


Many  passively  smart  materials  incorporate  self-repair  mechanisms  or  stand-by  phenomena  which 
enable  the  material  to  withstand  sudden  changes  in  the  surroundings.  The  crack-arresting 
mechanisms  in  partially  stabilized  z.ircttnia  arc  a  good  example.  Here  the  tctragonal-monoclinic 
phase  change  accompanied  by  fcrroclastic  twin  wall  motion  are  the  stand-by  phenomena  capable  of 
generating  compressive  slres.ses  at  the  crack  lip.  In  a  similar  way,  toughness  can  be  improved  by 
fiber  pull-out  or  by  multiple  crack-branching  as  in  the  structural  composites  used  in  aircraft,  or  in 
machinable  glass-ceramics. 

Ceramic  varistors  and  PTC  thermistors  are  also  passively  smart  materials.  When  struck  by 
high-voltage  lighuting,  a  zinc  oxide  varistor  Io.ses  most  of  its  electrical  resistance  and  the  current  is 
by-passed  to  ground.  The  resistance  change  is  reversible  and  acts  as  a  stand-by  protection 
phenomenon.  Vari.siors  al.so  have  a  self-repair  mechanism  in  which  its  highly  nonlinear  I-V 
relationship  can  be  restored  by  repeated  application  of  volugc  pul.ses.  Barium  titanate  PTC 
thermistors  show  a  very  larg*;  increase  in  electrical  resistance  at  the  ferroelectric  phase 
transformation  near  1 30‘’C.  The  jump  in  resistance  enables  the  thermistor  to  arrest  current  surges, 
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again  acting  as  a  protection  element.  The  R(V)  heliavior  of  the  vari.stor  and  the  R(T)  behavior  of 
the  PTC  thermistor  are  both  highly  nonlinear  cffect.s  which  act  as  standby  protection  phenomena, 
and  make  the  ceramics  smart  in  a  pa.ssive  mode. 


4  Active  Smartness 

A  smart  ceramic  can  also  be  defined  with  reference  to  sensing  and  actuating  functions,  in  analogy 
to  the  human  body.  A  smart  ceramic  .senses  a  change  in  the  environment,  and  using  a  feedback 
system,  makes  a  useful  response.  It  is  both  a  sensor  and  an  actuator.  Examples  include  vibration 
damping  systems  for  outer  space  platforms  and  electrically-controlled  automobile  suspension 
systems  using  piezoelectric  ceramic  .sen.sors  and  actuators. 

The  Piezoelectric  Pachinko  machine  illustrates  the  principle  of  an  actively  smart  material. 
Pachinko  Parlors  with  hundreds  of  vertical  pinball  machines  are  very  popular  in  Japan.  The 
Piezoelectric  Pachinko  game  constructed  by  engineers  at  Nippon  Denso  is  made  from  PZT 
multilayer  stacks  which  act  as  both  sen.sors  and  actuators.  When  a  ball  falls  on  the  .stack  the  force 
of  impact  generates  a  piezoelectric  voltage.  Acting  through  a  feedback  system,  the  voltage  pulse 
triggers  a  respon.se  from  the  actuator  stack.  The  .stack  expands  rapidly  throwing  the  ball  out  of  die 
hole,  and  the  ball  moves  up  a  .spiral  ramp  during  a  .sequence  of  such  events.  Eventually,  it  falls 
into  a  luile  and  begins  the  .spiral  climb  all  over  again. 

A  video  tape  head  positioner  developed  by  Piezoelectric  Products.  Inc.,  operates  on  a  similar 
principle.  A  bilaminaie  bender  made  from  tape-cast  PZT  ceramic  has  a  segmented  electrode  pattern 
dividing  the  .sensing  and  actuating  functions  of  the  positioner.  The  voltage  across  the  sensing 
electrode  is  processed  through  the  feedback  system  resulting  in  a  voltage  across  the  positioning 
electrodes.  Tliis  cau.ses  the  cantilevered  bimorph  to  bend,  following  the  video  tape  track  path. 
Articulated  sen.sing  and  positioning  electrodes  operating  at  45(IHz  near  the  tape  head  help  keep  the 
head  perpendicular  to  the  track. 

These  twti  examples  illustrate  how  a  smart  ceramic  operates.  Both  sensing  and  actuating 
functions  are  involved  in  its  performance,  and  while  the  Japanese  scientists  have  a  somewhat 
different  perspective  on  ‘  .smart’’  or  "intelligent"  materials  (Takagi.  1989).  the  end  results  of  efforts 
in  Uiis  area  are  very  similar. 


5  Rubber-Like  Ceramics 

Every  ba.seball  and  cricket  player  kntrws  tlte  importance  of  "soft  hands."  In  catching  a  baseball,  it 
is  important  to  withdraw-  the  hands  slightly  on  making  contact  with  the  ball.  This  reduces  the 
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momentum  of  the  ball  gradually  and  creates  a  soft  landing.  Soft  landings  are  achieved  on  ceramics 
in  the  .same  way,  making  them  feel  as  .soft  as  rubber. 

To  lest  the  concept,  controlled  compliance  experiments  have  been  carried  out  using  PZT 
.sensors  and  actuators  (Newiiham  et  al.,  1989).  In  the  test  set-up,  one  actuator  is  used  as  the 
external  driver,  and  the  other  as  the  responder.  Sandwiched  between  the  two  actuator  stacks  arc 
two  sen.sors  and  a  layer  of  rubber.  The  upper  actuator  is  driven  at  a  frequency  of  IfX)  Hz  and  the 
vibrations  are  monitored  with  the  upper  .sensor.  The  pressure  wave  emanating  from  the  driver 
pa.s.ses  through  the  upper  .sensor  and  the  rubber  separator  and  impinges  on  the  lower  sensor.  The 
resulting  signal  is  amplified  using  a  low  noi.se  amplifier  and  fed  back  through  a  phase  shifter  to  the 
lower  actuator  to  contfol  the  compliance. 

A  smart  .sensor-actuator  .system  can  mimic  a  very  .stiff  solid  or  a  very  compliant  rubber.  This 
can  be  done  while  retaining  great  strength  under  static  loading,  making  the  smart  material 
especially  atU'aclive  for  vibration  control. 

If  the  pha.se  of  the  feedback  voltage  is  adjusted  to  cause  the  responder  to  contract  in  length 
rather  than  expand,  the  .smart  material  mimics  a  very  .soft,  compliant  substance.  This  reduces  the 
force  on  the  .sensors  and  partially  eliminates  the  renected  signal.  The  reduction  in  output  signal  of 
the  upper  sensor  is  a  measure  of  the  cffcciivene.ss  of  tlie  feedback  system.  In  our  experiments,  the 
compliance  of  the  actualor-.sensor  ctunposilc  was  reduced  by  u  factor  of  six  compared  to  rubber 
(Newnham  et  al..  1989). 


6  Modulated  Suspension  Systems 

The  automobile  indusu-y  is  a  very  large  market  in  which  .smart  composites  and  sensors  arc  already 
widely  u.sed.  More  than  fifty  eiectroceramic  components  can  be  found  in  today's  high-tech  auto.s, 
ranging  from  the  air-fuel  t)xygen  .sen.sors  u.sed  in  mu.st  autos  to  the  more  exotic  piez(x:lcciric 
raindrop  .sen.sor.  which  automatically  senses  the  amount  of  rain  falling  and  adjusts  the  windshield 
wipers  to  the  optimum  speed  (Taguchi,  1987). 

C\)ntrolled  eomplianee  with  pie/,<x:lecme  ceramics  is  utilized  in  Toyota's  piezoTEMS  (Toyota 
Electronic  Modulated  Suspension),  a  system  which  has  been  developed  to  improve  the  drivabilily 
and  stability  of  the  automobile,  and  at  the  same  lime  enhance  pa5.scngcr  comfort  (I'suka  el  al., 
1990).  The  TEMS  is  ba.sically  a  road  stability  sen.sor  and  shock  adju.stor,  which  detects  bumps, 
dips,  rough  pavement,  and  sudden  lurches  by  the  vehicle,  then  rapidly  adjusts  the  shock  ab.sorbcrs 
to  apply  a  softer  or  firmer  damping  force,  depending  on  what  is  necessary  to  minimize  discomfort 
while  maintaining  control  of  the  vehicle.  The  .shock  ab.sorbcrs  arc  continuously  readjusted  as  the 
road  conditions  change  .so  that  rtKking  or  wobbling  on  soft  shocks  is  eliminated. 
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Tlic  TEMS  road  surface  sensor  consists  of  a  five-layer  piezoelectric  ceramic  sensor  mounted 
on  the  piston  rod  of  liie  shock  absorber.  When  a  bump  in  the  road  is  encountered,  the  resulting 
stress  applied  to  the  sen.sor  produces  a  voltage  which  is  fed  into  an  electronic  control  unit  that 
amplifies  the  signal  and  .supplies  a  high  voltage  to  the  piezoelectric  actuator.  The  SS-layerPZT 
actuator  produces  a  5(1  pm  displacement  on  the  oil  system  which  is  hydraulically  enlarged  to  two 
niillimcter.s,  enough  to  change  the  damping  force  from  firm  to  soft;  the  entire  proce.ss  takes  only 
about  twenty  milli.seconds  (not  even  enough  time  to  slam  on  the  brakes!)  Also  figured  into  the 
actuator  output  are  the  vehicle  .speed  and  the  driver's  preference  for  a  generally  softer  (American) 
or  fimier  (European)  ride. 

Alternatively,  it  is  possible  to  damp  stresses  and  vibrations  without  the  need  for  a  sensor- 
actuator  feedback  loop;  materials  which  can  perform  this  function  are  called  passive  damping 
mateiial.s.  In  a  piezoelectric  passive  damper,  a  piezoelectric  ceramic  is  connected  in  parallel  with  a 
properly  matched  resistor.  The  external  .stress  creates  a  polarization  in  the  piezoelectric,  which 
induces  a  cuncm  in  the  resistor,  leading  to  energy  dissipation.  A  high  piezoelectric  coupling 
coclficicni  is  required  to  induce  the  maximum  voltage  and  energy  dissipation  Ramachandran  et  al., 
199(1). 

7  Actuator  Materials 

There  arc  many  approaches  to  controlling  vibration  and  structural  deformation.  Actuation  strain 
can  he  conlrollcd  hy  piezoelectric  materials  (Burke  and  Hubbard.  1987),  elcctrosiriclive  materials 
(Ucliinu,  1986),  magneiostrictive  materials  (Butler.  1988).  shape-memory  metal  alloys 
(Schelky,1979),  and  thernially-conirollable  materials  (Edbcrg.  1987).  Utilizing  a  system  with 
di.stribuicd  actuators,  it  is  possible  to  design  structures  with  intrinsic  vibration  and  shape  control 
capahiliiies.  Among  the  most  important  actuator  materials  are  shape  memory  metals  and  ceramics. 
The  .shape  memory  effect  is  exhibited  by  alloys  which  undergo  thermoelaslic  martensite 
transfonnaiions.  This  is  a  first  order  displacive  transformation  in  which  a  body  centered  cubic 
mcuil  transforms  by  shear  on  cooling  to  a  martensitic  phase.  When  deformed  in  the  martensitic  low 
temperature  phase,  shape  memory  alloys  will  recover  this  deformation  and  return  to  the  original 
shape  when  ht^ted  to  a  temperature  where  the  martensite  reverts  back  to  the  parent  body-centered 
cubic  siructi/rc.  Unlike  most  ferroelectric  and  ferromagnetic  transitions,  the  shape  memory 
tfansloiTOalion  has  a  large  hysteresis  which  can  be  troublesome  in  practice. 

Alloys  exhibiting  the  shape  memory  effect  fall  into  two  general  classes;  non-ferrous  and 
ferrous.  Non-ferrous  alloys  currently  in  commercial  use  arc  Ni-Ti,  Cu-Zn-Al,  and  Cu-Ni-Al. 
Ferrous  shape  memory  alloys  under  development  include  Fe-Pt,  Fc-Ni-C  and  Fe-Ni-Co-Ti. 
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Non-ferrous  shape  memory  alloys  of  nickel-titanium  alloy  (Nitinol)  have  been  developed  by 
Goodyear  Aerospace  Corporation  for  spacecraft  antennae  (Scheiky,  1979).  A  wire  hemisphere  of 
the  material  is  crumpled  into  a  light  ball,  less  than  five  cenlimelcrs  across.  When  heated  above 
77“C,  the  ball  opens  up  into  its  original  shape-a  fully  formed  antenna.  Although  it  has  seldom 
been  used  in  service,  this  antenna  demonstrates  the  magnitude  of  deformation  and  reformation 
possible  in  shape  memory  alloys. 

While  shape  memory  alloys  arc  more  like  a  solution  looking  for  a  problem,  it  has  been 
suggested  that  transient  and  steady  stale  vibration  control  can  he  accomplished  with  hybrid 
structures  in  which  the  shape  memory  alloy  is  embedded  inside  the  material  (Rogers  et  al.,  1989). 

Some  ceramic  materials  also  pos.se.ss  a  sizeable  shape-memory  effect;  of  particular  interest  arc 
materials  which  are  simultaneously  ferroelectric  and  fcrroclastic.  Their  fcrrocla-sticity  cn.surcs  that 
recoverable  spontaneous  .strain  is  available  for  contributing  to  the  shape  memory  effect,  and  the 
ferioelectiicity  implies  that  their  spontaneous  strain  can  lie  niaiiipulaied  not  only  by  mechanical 
forces  but  also  by  electric  fields. 

Shape-memory  has  been  demonstrated  in  PLZT  ceramics,  an  important  ferroeleciric- 
ferroelastic  because  of  the  tremendous  potential  for  applications  due  to  the  formation  of 
microdomains  smaller  than  the  wavelength  of  light.  In  one  experiment,  a  6.5/65/35  PLZT  helix 
was  heated  to  200°C,  well  above  the  transition  temperature  for  recovery,  Tp  (-  Tc).  ihen 
mechanically  loaded  and  cooled  to  38°C  (well  below  Tp)  -  the  "brittle"  PLZT  helix  was  deformed 
by  3l)91'  after  the  load  was  removed.  Upon  healing  to  180°C,  above  Tp,  the  helix  uansformed 
hack  to  its  original  shape,  dramatically  demonstrating  the  shape  memory  effect  in  brittle  ceramics 
(Wadhawan  ei  al.,  1981). 

Researchers  at  Sophia  University  in  Tokyo  have  created  a  multilayer  shape  memory  actuator 
with  a  (Pb,  Nb)(Zr.  Sn.  Ti)03  ceramic.  Twenty  rectangular  plates  of  the  ceramic  were  stacked  in 
an  MLCC-typc  structure;  the  magnitude  of  the  strains  that  were  induced  were  small  by  compari.son 
to  most  shape  memory  alloys  (3-4  microns)  hut  were  three  limes  larger  than  the  strains  produced 
using  conventional  piezoelectric  actuators.  In  this  case,  a  ferroelectric  to  antiferroelcctric  phase 
change  is  responsible  for  the  shape  change  (Furuta  and  Uchino,  1990). 


8  Electrorheological  Fluids 

One  of  the  criteria  which  separates  "smart”  materials  from  "very  smart"  or  "intelligent"  materials  is 
the  ability  of  the  material  to  not  only  sense  a  change  and  actuate  a  response,  but  to  automatically 
modify  one  or  more  of  its  property  coeffieients  during  the  sensing/actuating  process.  In  effect,  this 
type  ol  ,-iaterial  not  only  warns  the  u.ser  of  a  change  in  its  environmental  conditions  and  responds 
to  it,  but  can  in  addition  adjust  itself  to  compensate  for  future  change. 
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Elcctrorhoolo^ical  (ER)  fluids  (Ghandi  and  Thompson.  1989)  and  iheir  magnetic  analog, 
leiiolluids  (Rosenweg.  1985),  arc  an  example  of  materials  that  have  great  potential  for  use  in 
smart  materials  and  systems.  ER  fluids  are  typically  suspensions  of  fine  particles  in  a  liquid 
medium;  the  viscosity  of  the  suspension  can  be  changed  dramatically  by  applying  an  electrical 
field.  The  electric  field  causes  alignment  of  the  panicles  in  fibril-like  branches  in  the  direction  of 
the  applied  field.  The  alignment  disappears  when  the  electric  field  is  removed,  thus  creating  the 
desired  propeny  of  complete  cyclic  reproducibility. 

ER  fluids  repre.sent  an  advanced  cla.ss  of  composite  materials  with  self-tuning  propenies,  that 
will  find  considerable  use  in  vibration  control  applications.  In  addition,  the  compatibility  of  this 
technology  with  modem  solid  state  electronics  makes  it  an  attractive  component  for  integration  into 
multifunction,  self-contained  smart  material  packages. 


9  Bioniinietics  -  Fish  Ears 

The  word  '  hiomimetic"  is  not  found  in  most  dictionaries  so  it  needs  to  be  defined.  It  comes  from 
the  Greek  words  "bios."  meaning  "life,"  and  "mimetikos,"  meaning  "to  imitate."  Biomimetic 
means  to  imitate  life,  or  to  use  the  biological  world  as  a  source  of  ideas  for  device  concepts. 

Fish  and  the  other  inhabitants  of  the  underwater  world  have  some  interesting  ways  of  talking 
and  listening  which  have  been  copied  using  picz(x;lectric  ceramics.  For  most 
fish,  the  principal  sensors  are  the  lateral  line  and  the  inner  ear  coupled  to  the  swim  bladder.  The 
pulsating  swim  bladder  also  acts  as  a  voice,  as  do  chattering  teeth  in  certain  fish  species. 

The  lateral  line  runs  fom  the  head  to  the  tail  of  the  fish  and  resembles  a  lowed  array  with 
.sensing  organs  (stitches)  spaced  at  intervals  along  the  nerve  fiber.  Each  stitch  conuins  several 
ncuKimasts  made  up  of  gelatinous  cupulae  resembling  pimples  in  shape,  within  each  cupula  are 
.several  fibers  which  vibrate  as  the  fish  swims  through  water  and  acts  as  sensors  for  (low  noise. 
The  hair-like  fibers  are  extremely  thin  in  diameter  ranging  from  0.5  to  10  jim.  When  stimulated  by 
tuthulcnce.  the  motion  of  llie  hairs  produces  changes  in  the  synapses  which  are  in  turn  connected 
to  the  nerve  fiber.  The  electric  signal  originates  from  impedance  changes  in  cell  walls  which 
modulate  the  flow  of  K+  ions.  The  lateral  line  is  especially  sensitive  to  low  frequency  fluid  motion 
parallel  to  the  length  of  the  fish.  In  the  50  Hz  range,  threshold  signals  are  observed  for 
displacements  as  .small  as  .30  nm  !  (Bond,  1979;  Moyle  and  Ccch,  1988). 

The  1-.3  composite  hydrophones  described  later  are  patterned  after  the  hair-filled  cupulae  of 
the  lateral  line.  Thin  PZT  fibers  embedded  in  polymer  provide  excellent  electromechanical  coupling 
to  a  liquid  medium  and  can  be  used  as  both  sensors  and  actuators. 
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10  Dr.  Dolittle  and  Fish  Talk 

Among  the  most  popular  children's  books  of  all  time  are  the  Doctor  Dolittle  books  written  by 
Hugh  Lofting.  Doctor  Dolittle  could  talk  to  the  animals.  He  started  with  "Pig"  and  went  on  to 
"Duck"  and  "Cow",  and  eventually  mastered  498  languages.  There  is  a  marvelous  scene  in  the 
movie  where  young  Tommy  Stebbins  mccLs  Dr.  Dolittle  in  his  laboratory  and  watches  him  talk  to 
goldfish  by  blowing  bubbles  in  the  fish  bowl  through  a  rubber  tube.  Between  bursts  of  bubbles. 
Or.  Doolittle  listened  intently  to  through  a  stethoscope  pressed  against  the  side  of  the  bowl. 

In  recent  years,  great  advances  have  been  made  in  recording  and  understanding  fish  talk, 
largely  bccau.se  of  the  development  of  improved  hydrophone  arrays  and  high  speed  spectrum 
analyses  Much  of  the  talk  is  in  the  form  of  low  frequency  grunts  below  200Hz.  Sound  functions 
in  a  variety  of  ways  for  fish,  both  in  offen.se  and  in  defense,  for  warning  and  intimidation.  Many 
fish  speak  differently  during  breeding  .season,  and  appear  to  use  coded  repetition  rates  to 
communicate.  Our  ability  to  "farm  the  oceans"  could  be  greatly  enhanced  by  learning  how  to  talk 
to  fish  and  control  their  movements  and  feeding  habits. 

Although  they  do  not  possess  a  larynx,  many  species  of  fish  produce  high-pitched  sound  by 
grinding  their  teeth,  but  the  vibration  of  the  swim  bladder  wall  provides  the  greatest  repertoire  of 
miiscs  or  calls.  The  croakers  of  Chesapeake  Day  make  tapping  noi.scs  like  a  woodpecker,  by 
contracting  their  drumming  mu.sclcs  attached  to  the  swim  bladder,  and  the  twilight  choruses  of  sea 
robins  caused  great  confusion  among  (he  operators  of  antisubmarine  echo-location  devices  during 
World  War  II  (Urick.  1975). 


11  Inner  Ears  and  Swim  Bladders 

The  nature  of  sound  transmission  in  wau;r  has  had  u  great  influence  on  the  evolution  of  hearing  in 
fish.  Sound,  especially  low  frequency  sound,  travels  faster  and  farther  than  in  air.  "Near-field" 
sound  consists  of  small  fluid  motions  or  vibrations  and  are  characterized  by  a  displacement 
direction.  They  are  detected  by  the  inner  ear  or  by  the  lateral  line.  The  hydrostatic  component  or 
"lar- field"  sound  is  detected  best  through  the  swim  bladder. 

The  inner  ear  is  made  up  of  inertia-sensing  chambers  resembling  accelerometers.  Within  each 
chamber  is  a  dense  ear  stone  (otolith)  which  vibrates  in  a  near-field  sound  wave.  The  inertia  of  the 
cat  stone  causes  it  to  lag  behind  the  motion  of  the  fish,  and  to  push  against  hair  cells  which  line  the 
chamber  (sacculus).  On  bending,  the  hair  cellular  membranes  deform,  stimulating  neural 
transmissions  to  the  brain.  Connections  to  the  swim  bladder  improve  the  sensitivity  to  far-ficld 
sound. 
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The  primary  funclion  nf  llic  gas- filled  swini  bladder  is  to  provide  buoyancy,  but  it  is  also  used 
tor  .sound  and  pressure  reeeplioii  and  in  some  species  is  equipped  with  drumming  muscles  for 
sound  production.  The  nexible  swim  bladder  responds  to  hydrostatic  pressure  waves  by  changing 
volume.  Fish  with  swim  bladders  can  perceive  relative  pressure  changes  equivalent  to  less  than 
O.SC!  of  the  ambient  hydrostatic  pressure. 

Direct  or  indirect  linkages  from  the  swim  bladder  to  the  inner  car  promote  the  hearing  sensation, 
ihsh  with  no  connections  (H.'rceive  low  frequency  .sound  (less  than  5(X)  Hz),  while  those  with  gorxl 
connections  have  an  upper  frequency  response  of  5(X)0  Hz.  As  might  be  expected,  the  swim 
bladder  is  reduced  in  size  with  depth,  and  loses  much  of  its  sensitivity  as  a  sensor. 


12  Hydrophone  Materials 

The  knowledge  which  comes  Irom  the  understanding  of  "fish  talk"  can  be  directly  applied  to 
research  in  materials  destined  to  someday  "sleep  with  the  fishes".  Hydrophones  arc  underwater 
listening  devices  made  from  piezoelectric  materials  which  rc.spond  to  hydrostatic  pressure  waves. 
Among  the  applications  for  hydrophones  are  sonar  systems  for  submarines,  off-shore  oil 
plaHonns,  geophysical  prospecting  equipment,  fish  finders,  and  earthquake  monitors. 

As  the  earth's  population  eonunucs  to  increase,  mankind  must  continue  to  search  for  new  and 
eflieient  sources  of  food  and  nutrition.  The  world's  weans  may  provide  a  solution  to  this 
problem,  not  only  through  fish  farming  but  through  the  use  of  new  and  varied  salt  water 
vegetation  that  could  provide  an  abundant  source  of  food,  especially  for  third  world  countries  in 
wliieii  poor  soil  and  harsh  climates  prohibit  conventional  farming.  Smart  hydrophone  transceivers 
will  receive  and  transmit  (ish  talk  and  monitor  the  growth  of  underwater  vegetation. 

1  he  figure  of  merit  lor  hydrophone  materials  is  the  product  of  the  hydrostatic  piezoelectric 
charge  coefficient  (di,)  and  the  pieziKlectric  voltage  ctx;fricient  (gh).  While  good  piezoelectric 
materials  such  as  PZT  have  high  dyj  and  dji  piezoelectric  coupling  coefficients,  the  d|,  value  is 
only  about  45  pC/N  because  dt^  and  dij  arc  opposite  in  sign,  and  dn  =  dyy  ■+  dhgh  ^Iso 
inversely  related  to  the  dielectric  permittivity,  eyt,  so  that  low  dielectric  constants  are  desirable  as 
well. 

Rather  than  abandon  PZT  in  search  of  the  ultimate  hydrophone  material,  avoiding  this 
problein  is  often  a  matter  of  appropriate  engineering  of  existing  materials.  Too  often  in  the  field  of 
materials  research  we  put  too  much  emphasis  on  the  synthesis  of  new  materials  and  too  little 
emphasis  on  new  and  unique  designs  for  old  materials. 

A  composite  design  with  1-3  connectivity  is  similar  in  design  to  the  hair-filled  gelatinous 
cupula  with  thin  PZT  rods  embedded  in  a  polymer  matrix.  The  1-3  piezxx.'ompo.silcs  have  excellent 
sensitivity  to  pressure  waves  in  water  (Klickcret  al.,  1 98 1 ;  Gururaja  et  al..  1984).  The  large  djy  is 
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maintained  because  the  parallel  connection  resulLs  in  stress  transfer  from  polymer  to  piezoccramic, 
while  the  d3i  is  destroyed  because  of  series  connection  in  the  lateral  dimension  where  the 
mechanical  load  is  absorbed  by  the  polymer  and  not  transferred  to  the  PZT  rods.  Finally,  £33  is 
minimized  due  to  the  large  volume  of  low  £33  polymer  present.  The  dhgh  values  ate  improved  by 
more  than  an  order  of  magnitude  when  very  thin  rods  are  used. 

Anollier  piczoelce'ric  ‘•ydrophonc  composite  maximizes  di,  by  simply  redirecting  the  applied 
siiesses  using  specially  shaped  electrodes  (Xu  et  al..  in  press).  These  are  flcxtensional  transducers 
which  mimic  the  motions  of  the  swim  bladder.  Shallow  air  spaces  arc  positioned  under  (he  metal 
electrodes  while  the  PZT  ceramic  plays  the  role  of  the  muscle  lining  the  swim  bladder.  When 
subjected  to  a  hydrostatic  stress,  litc  thick  metallic  electrodes  convert  a  portion  of  the  z-dircetion 
suess  into  large  radial  and  tangential  stresses  of  opposite  signs.  The  result  is  that  d3i  changes  from 
negative  to  positive,  so  that  its  contribution  now  adds  to  d33  rather  than  subtracting  from  it.  The 
dhgh  of  these  composites  is  approximately  250  times  that  of  pure  PZT. 


13  Very  Smart  Composites:  the  Tunable  Transducer 

By  building  in  a  learning  function,  (he  definition  of  a  smart  material  can  be  extended  to  a  higher 
level  of  intelligence;  A  very  smart  material  senses  a  change  in  the  environment  and  responds  by 
chonging  one  or  more  of  its  property  coefficients.  Such  a  material  can  tune  its  sensor  and  actuator 
function.'!  in  time  and  space  to  optimize  future  behavior.  With  the  help  a  feedback  system,  a  very 
.smart  material  becomes  .smarter  with  age,  .something  even  human  beings  .strive  for.  The  distinction 
helwcen  .smart  and  very  .smart  maierials  is  es.soniially  one  between  linear  and  nonlinear  properties. 
The  physical  properties  of  nonlinear  materials  can  be  adjusted  by  bias  fields  or  forces  to  control 
response. 

To  illustrate  the  concept  of  a  very  smart  material,  we  describe  the  tunable  transducer  recently 
developed  in  our  laboratory.  Electromechanical  transducers  arc  used  as  fish  finders,  gas  igniters, 
ink  jets,  mieropositioners,  biomedical  scanners,  piezoelectric  transformers  and  filters, 
accelerometers,  and  motors. 

Five  important  properties  of  a  transducer  are  the  reso.nant  frequency  /,,  the  acoustic 
impedance  Za,  the  mechanical  damping  coefficient  Q,  the  electromechanical  coupling  factor  k,  and 
tlie  electrical  impedance  Zg,  The  resonant  frequency  and  acoustic  impedance  are  controlled  by  the 
elastic  constants  and  density,  as  discussed  in  the  next  section.  The  mechanical  Q  is  governed  by 
the  dumping  coefficient  (a)  and  is  important  because  it  controls  "ringing"  in  the  transducer. 
Definitions  of  the  coefficients  are  given  in  Table  11.  Electromechanical  coupling  coefficients  are 
eoniiolled  by  the  piezoelectric  coefficient  which,  in  turn,  can  be  controlled  and  fine-tuned  using 
relaxoi  ferrocleclrics  with  large  eleclrostriclive  effects.  The  dielectric  "constant"  of  relaxor 
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rctTiiclccirics  iJcpeiuls  maikodly  on  DC  bias  fields,  allowing  ihc  clecirieal  impedance  lo  be  tuned 
over  a  wide  range  as  well.  In  the  following  .sections  we  de.scrihc  the  nature  of  nonlinearity  and 
how  it  controls  die  pioperties  of  a  tunable  transducer. 


Table  II;  Important  characleristies  of  an  cleetroineehanical  iran.sduccr. 


Fundamental  resonant 

frequency,  f,  of  the 

thickness  mode 

2tVp 

where 

t  =  thickness  dimension, 

c  =  ela.stic  stiffness, 
p  =  density 

Acoustic  impedance  Za 

|Za1= 

where 

c  =  clastic  stiffness, 
p  =  demsity 

Mechanical  Q 

where 

Xa  =  acoustic  wavelength, 
a  =  damping  coefficient 

Electromechanical  coupling 

coelTicient  k 

where 

d  =  piezoelectric  charge  coefficient, 

E  =  electric  permittivity 

Electiical  impedance  Ze 

where 

0)  =  angular  frequency, 

A  =  electrode  area 

14  Elastic  Nonlinearity:  Tuning  the  Resonant  Frequency 

Inromiatiun  is  transmitted  on  electromagnetic  waves  in  two  ways;  amplitude  mtxlulaiion  (AM)  and 
frequency  modulation  (EM).  There  arc  a  number  of  advantages  to  FM  signal  processing, 
especially  w'here  lower  noi.se  levels  arc  important.  Atmospheric  static  is  considerably  lower  in  FM 
radio  than  in  AM. 

Signal-to-noi.sc  ratios  arc  also  important  in  the  ultrasonic  systems  used  in  biomedical  and 
nondestructive  testing  systems,  but  FM-modulation  is  difficult  because  resonant  frequencies  are 
controlled  by  stiffness  (c)  and  iran.sduccr  dimen.sions  (t).  Neither  c,  I,  nor  the  density  (p)  can  be 
tuned  .signifieanily  in  ceramics  and  most  other  materials,  but  rubber  is  an  exception.  To  tune  the 
resonant  frequency  of  a  piezoelectric  tran.sduccr.  we  designed  and  built  a  composite  transducer 
incoi  ptiraling  Utiii  rubber  layers  exhibiting  nonlinear  elasticity  (Xu  cl  al.,  199(1). 
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Kubircr  is  a  higl'ly  nonlinear  elastic  medium.  In  the  unstressed  compliant  state,  the  molecules 
are  coiled  and  tangled,  but  under  sire.ss  the  molecules  align  and  the  material  stiffens  noticeably. 
Ospeiiinents  carried  out  on  rubber-metal  laminates  demonstrate  the  size  of  the  nonlinearity. 
Young's  modulus  (E  =  l/s]  1 1 1)  measured  for  a  multilayer  laminate  consisting  of  alternating 
sled  shim  and  soft  rubber  layers  each  0. 1  mm  thick.  Under  compressive  stresses  of  200  MPa,  the 
stilTness  is  quadrupled  from  about  bOO  to  24(K)  MPa  (Rivin,  1983).  The  resonant  frequency  f  is 
theiefoie  doubled,  and  can  be  modulated  by  applied  stress. 

Rubber,  like  most  ela.stomers.  is  not  piezoelectric.  To  lake  advantage  of  the  elastic 
nonlinearity,  it  is  therefore  necc.ssary  to  construct  a  composite  transducer  consisting  of  a 
piezoelectric  ceramic  (PZT)  iran.sducer,  thin  rubber  layers,  and  metal  head  and  tail  masses,  all  held 
together  by  a  stress  boll. 

The  resonant  frequency  and  mechanical  Q  of  such  a  sandwich  structure  has  been  measured  as 
a  f  unction  of  stress  bias.  Sircs.scs  ranged  from  20  to  100  MPa  in  the  experiments.  Under  these 
conditions  the  radial  resonant  frequency  changed  from  19  to  37  kHz,  approximately  doubling  in 
frequency  as  predicted  from  the  clastic  nonlinearity.  At  the  same  time  the  mechanical  Q  increases 
froiTi  about  1 1  to  .34  as  the  rubber  stiffens  under  stress. 

The  changes  in  re.sonanl  frequency  and  Q  can  be  modeled  with  an  equivalent  circuit  in  which 
the  compliance  of  the  thin,  rubber  layers  are  represented  as  capacitors  coupling  together  the  larger 
nia.s.se.s  (repre,senied  as  inductors)  of  the  PZT  transducer  and  the  metal  head  and  tail  masses.  Under 
low  .siiess  bias,  the  rubber  is  very  compliant  and  effectively  isolates  the  PZT  transducer  from  the 
head  and  tail  masses.  At  very  high  stress,  the  rubber  stiffens  and  tightly  couples  the  metal  end 
pieec.s  to  the  resonating  PZT  ceramic.  For  intermediate  stresses  the  rubber  acts  as  an  impedance 
iraii.sfoimer  giving  parallel  resonance  of  the  PZT  -  rubber  -  metal  -radiation  load. 

Continuing  the  biomimetic  tlteine,  it  is  interesting  to  compare  the  change  in  frequency  of  the 
tunable  transducer  with  the  transceiver  systems  used  in  the  biological  world.  The  biosonar  system 
of  the  Hying  hat  is  similar  in  frequency  and  lunability  to  our  tunable  transducer.  The  bat  emits 
chiips  at  3f)  kHz  and  listens  for  the  letum  signal  to  locate  flying  insects.  To  help  it  differentiate  the 
reiui  11  signal  from  the  outgoing  chirp,  and  to  help  in  timing  the  echo,  the  bat  puts  an  FM  signature 
on  the  pulse.  This  causes  the  resonant  frequency  to  decrease  from  30  to  20  kHz  near  the  end  of 
each  chirp.  Return  signals  from  the  insect  target  are  detected  in  the  ears  of  the  bat  where  neural 
cavities  tuned  to  this  frequency  range  measure  the  lime  delay  and  flutter  needed  to  locate  and 
idemify  its  prey.  Extension  of  the  hat  biosonar  princij/lc  to  automotive,  industrial,  medical  and 
eniei  iainmenl  systems  is  underway. 
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1 5  Piezoelectric  Nonlinearity:  Tuning  the  Electromechanical  Cou¬ 
pling  Coefficient 

Till-  iliflfrcni'i’  botwcrn  ;i  sm.tri  and  a  very  smart  material  can  be  illustrated  with  pic/ficlcctric  and 
ek\'lii>Miulive  eei.iiiin.'  IV  I  (le.id  /neoit.iU'  :>  a  |>ie/iielei'ii n  let.imie  m  «liuli  ihe 

I'erroclectric  domains  have  been  aligned  in  a  very  large  poling  field.  Strain  is  linearly  proportional 
to  electric  field  in  a  fully  poled  piezoelectric  material  which  means  that  the  piezoelectric  coefficient 
is  u  constant  and  cannot  be  electrically  toned  with  a  bias  field.  Nevertheless  it  is  a  smart  material 
because  it  can  be  used  both  as  a  sensor  and  an  actuator. 

PMN  (lead  magnesium  niobatc)  is  not  piezoelcctnc  at  room  temperature  because  its  Curie 
temperature  lies  near  O^C.  Bccau.se  of  the  proximity  of  the  ferroelectric  phase  transformation, 
however,  and  because  of  its  diffuse  nature,  PMN  ceramics  exhibit  very  large  electrostrictivc 
effects. 

Electromechanical  strain.s  comparable  to  PZT  can  be  obtained  with  elecirostrictive  ceramics 
like  PMN,  and  without  the  trtiobling  hy.sterctic  behavior  shown  by  PZT  under  high  fields.  The 
nonlinear  relation  between  strain  andelcctfic  field  in  elecirostrictive  transducers  can  be  used  to  tune 
the  piezoelectric  coefficient  and  the  dielectric  constant 

The  piezoelectric  djj  coefficient  is  the  slope  of  the  strain-electric  field  curve  when  strain  is 
measured  in  the  same  direction  as  the  applied  field.  Its  value  for  Pb(Mgo.3Nbo.6Tio.l)  O3  ceramics 
is  zero  at  zero  field  and  increases  to  a  maximum  value  of  13(X)  pCVN  (about  three  limes  larger  than 
PZT)  under  a  bias  field  of  3.7  kV/cm  . 

This  means  that  the  electromechanical  coupling  coefficient  can  be  tuned  over  a  very  wide 
range,  changing  the  transducer  from  inactive  to  extremely  active.  The  dielectric  con.siam  also 
depends  on  DC  bias.  Tlie  polarization  saturates  under  high  fields  causing  decreases  of  1(X)%  or 
more  in  the  capacitance.  In  this  way  the  electrical  impedance  can  he  controlled  as  well. 

Elecirostrictive  transducers  have  already  been  used  in  a  number  of  applications  including 
adaptive  optic  systems,  .scanning  tunneling  microscopes,  and  precision  micropositioners  (Uchino, 
19X6). 

To  summarize,  two  types  of  nonlinearity  are  utilized  in  the  fully  (unable  transducer;  clastic 
nonlinearity  and  piezrx:lcclric  nonlinearity.  By  incorporating  thin  rubber  layers  in  an  elecirostrictive 
transducer  several  important  properties  can  be  optimized  with  bias  fields  and  bias  stresses. 
Electromechanical  coupling  coefficients  and  electric  impedance  are  tuned  with  electric  field,  and 
mcclianical  damping,  rc.sonani  frequency,  and  acoustic  impedance  with  stress  bias. 
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16  Smart  Eiectroceramic  Packages 

Up  ti)  this  point,  our  discussion  has  locuscd  primarily  on  piezoelectric  transducers  in  which  the 
sensing  and  actuating  functions  are  electromechanical  in  nature.  But  the  idea  of  a  smart  material  is 
much  more  general  than  that.  Tliere  are  many  types  of  sensors  and  many  types  of  actuators,  and 
many  different  feedback  circuits. 

Many  of  these  scn.sors  and  actuators  can  he  fabricated  in  the  form  of  multilayer  ceramic 
packages.  Until  recently  multilayer  packages  consisted  of  low  permittivity  dielectric  layers  with 
metal  circuitry  printed  on  each  layer  and  interconnected  through  metallized  via  holes  between 
layers.  Buried  capacitors  and  resistors  have  now  been  added  to  the  three-dimensional  packages, 
and  other  components  will  follow  shortly.  .Smart  .sensors,  adaptive  actuators,  and  display  panels, 
together  with  thermistors  and  varistors  to  guard  against  current  and  voltage  overloads,  are  next  in 
line  for  development  (Newnham,  19SX). 

Integration  and  miniaturization  of  eiectroceramic  scn.sors  and  actuators  is  an  ongoing  procc.ss 
in  the  automotive  and  consumer  electronics  areas.  Multilayer  packages  containing  signal 
processing  layers  made  up  of  low-permittivity  dielectrics  and  printed  metal  interconnections  are  in 
widespread  production.  Further  integration  with  embedded  resistors  and  capacitors  are  under 
development,  and  its  seems  likely  that  intelligent  systems  will  make  use  of  the  same  processing 
technology.  Tape  casting  and  screen  prir  mg  are  used  most  often.  Varistors,  chemical  sensors. 
ilienni.siors.  and  piezoelectric  transducers  cart  all  he  fabricated  in  this  way,  opening  up  the 
possibility  of  multicomponent,  mullil  unclion  ceramics  with  both  sensor  and  actuator  capabilities. 
.Silicon  chips  can  be  mounted  on  these  multifunctional  packages  to  provide  all  or  part  of  the  control 
network.  Processing  is  a  major  challenge  beeausc  of  the  high  firing  temperatures  of  most 
ccianiics,  typically  in  the  range  8()0‘’C  to  15(K)''C.  Differences  in  densification  shrinkage  and 
thcimal  contraction,  together  with  adverse  chemical  reactions  between  the  eiectroceramic  pha,scs. 
create  lorinidable  problems.  Nevertheless,  the  rewards  for  .such  an  achievement  arc  substantial.  An 
all-ceramic  multifunction  package  would  be  small,  robust,  inexpensive,  and  .sufficiently  refractory 
to  wiih.stand  elevated  temperatures. 

Electrodes  are  both  a  problem  and  a  challenge.  At  xesent.  precious  metals  such  as  palladium 
and  platinum  arc  used  in  multilayer  ceramic  components,  greatly  adding  to  the  cost  of  the  device. 
Copper  and  nickel  electrodes  require  that  the  ceramic  be  fired  in  a  reducing  atmosphere,  which 
may  reduce  the  eiectroceramic  layers  and  adversely  affect  he  electrical  properties.  Copper  and 
silver  have  high  electrical  conductivity  hut  the  melting  points  (-10()()°C)  require  lower  firing 
leinperatures  and  make  it  nece.nsary  to  alter  the  ceramic  compositions  and  fabrication  procedures. 
Some  headway  has  been  made  on  this  problem,  but  further  work  is  needed.  One  interesting 
approach  to  the  problem  is  ceramic  electrodes.  There  arc  a  number  of  ceramic  phases  with 
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excellent  conductivity  whicli  could  be  used,  including  the  copper-oxide  superconductors.  In 
actuator  device.s,  there  ate  some  special  ,'dvantages  in  having  electrodes  and  pie/.oceramics  with 
matched  elastic  properties. 

Composites  are  another  approach  to  making  scnsor-acluator  combinations.  These  can  be 
formed  at  lower  temperature'-  using  low-firing  ceramics  and  high  temperature  polymers  such  as 
polyimides.  Sol-gel  and  chetiiical  piecipitation  methods  are  helpful  in  preparing  ceramic  powders 
with  low  calcining  temperatures,  but  further  work  on  composite  fabrication  is  required  to  obuin 
reliable  and  reproducible  electrical  behavior. 

To  miniaiurixc  the  sensors  and  actuators,  and  to  obtain  complex  shapes,  we  recommend  the 
u.se  of  photolithography  and  other  |iroces.sing  methods  employed  in  the  semiconductor  industry. 
Ultraviolet  curable  polymers  incorporated  into  the  tape-casting  process  make  photolithographic 
proee.ssing  comparatively  easy  and  should  find  wide  u.se  in  preparing  ceramic  or  composite 
packages  for  intelligent  systetiis 

The  next  logical  step  is  lu  combine  the  .sen.sor  and  actuator  functions  with  the  control  system. 
This  can  be  done  by  depositing  clccinx;cramic  coalings  on  integrated  circuit  silicon  chips. 

Reliability  is  a  ma  jor  requirement  in  all  complex  systems.  Further  research  on  electrical  and 
mechanical  breakdown  of  .sensor-actuator  materials  is  needed  to  elucidate  the  mechanisms 
responsible  for  failure.  Fail-sulc  and  self-repair  phenomena  would  be  very  helpful. 

Intelligent  systems  lor  liostile  environments  is  another  topic  area  of  interest.  Sensor  and 
actuator  systems  that  can  opciatc  at  high  temperatures  iaside  engines  or  furnaces  arc  required  to 
monitor  combustion  and  to  provide  pollution  controls.  Radioactive  and  chemical  waste  sensors  arc 
another  problem.  Intelligent  .systems  for  oceanographic  studies  and  oil  exploration  must  withstand 
high  pressures  and  .salinity  conditions. 

Etectroccramics  have  a  vital  role  to  play  in  intelligent  systems,  and  many  new  developments 
will  take  place  in  the  coming  decade  and  the  next  century. 
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Abstract 


During  the  next  century,  we  can  expect  to  see  a  large  number  of  smart  ceramic 
devices  combining  ceramic  sensors  and  actuators  in  multicomponent  multifunction 
packages.  Through  feedback  systems,  these  devices  will  be  capable  of  responding  to 
changes  in  the  environment  by  means  of  linear  and  nonlinear  actuators. 
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Electroceramics  Market 


The  multibillion  dollar  electroceramics  market  includes  Mn-Zn  ferrites,  PZT 
transducers,  BaTiOs  multilayer  capacitors,  ZnO  varistors,  AI2O3  packages,and  Si02 
optical  fibers.  Rapidly  developing  technologies  can  be  identified  writhin  each  market 
segment:  barium  hexaferrites  for  perpendicular  recording,  silver  and  copper 
electrode  systems  for  multilayer  capacitors,  buried  resistors  and  capacitors  in  ceramic 
packages,  catalytic  coatings  for  chemical  sensors,  and  PZT  piezoelectric  motors.  As 
in  all  rapidly  evolving  fields  of  science  and  engineering,  there  is  a  sense  of 
excitement  as  a  number  of  different  technologies  come  together  in  a  synergistic 
manner. 

Structure-Property  Relations 

An  overview  of  electroceramics  is  given  in  Fig.  1,  which  illustrates  the  various 
atomistic  mechanisms  utilized  in  ceramic  circuit  components.  Multilayer 
capacitors,  piezoelectric  transducers,  and  PTC  thermistors  make  use  of  the  properties 
of  ferroelectric  perovskites  with  their  high-dielectric  permittivity,  large  piezoelectric 
coefficients,  and  anomalous  electric  conductivity.  Similar  domain  phenomena  are 
observed  in  ferrimagnetic  oxide  ceramics  such  as  NiFe204.  Hard  amd  soft  ferrites  are 
analogous  to  hard  and  soft  PZT  and  have  found  substantial  markets  in  magnetic 
tape  and  electric  motors. 

Several  kinds  of  mechanisms  are  operative  in  thermistors  and  other  ceramics 
used  as  sensors.  Most  are  based  on  changes  in  electrical  resistivity,  but  the  causes  are 
different.  The  critical  temperature  thermistor  involves  a  semiconductor-metal 
phase  transition.  Ceramic  Superconductors  have  a  metal  to  superconductor 
transition. 


Fig.  1.  Ionic  and  electronic  mechanisms  involved  in  electroceramic 
components. 
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NTC  thermistors  make  use  of  the  semiconducting  properties  in  doped  transition- 
metal  oxides.  Ionic  conductivity  is  used  in  oxygen  sensors  and  batteries.  Stabilized 
zirconia  is  an  excellent  anion  conductor,  and  (3-alumina  is  one  of  the  best  cation 
conductors. 

Humidity  sensors  and  most  chemical  sensors  make  use  of  surface  conduction. 
Adsorbed  water  molecules  dissociate  into  hydroxyl  and  hydronium  ions,  which 
alter  the  electrical  resistivity. 

Grain-boundary  phenomena  are  involved  in  boundary  layer  capacitors, 
varistors,  and  PTC  thermistors.  The  formation  of  thin  insulating  layers  between 
conducting  grains  is  crucial  to  the  operation  of  all  three  electroceramic  components. 
Lastly,  the  importance  of  electroceramic  insulators  and  substrates  should  not  be 
overlooked.  Here  one  strives  to  eliminate  most  of  the  interesting  effects  just 
described,  but  this  is  not  always  easy. 

Ceramic  Circuitry 

Miniaturization  and  integration  are  technological  goals  in  virtually  ail 
electronic  materials.  Several  kinds  of  circuitry  are  under  study  by  electroceramists, 
as  shown  in  Fig.  2. 


Fig.  2.  Circuitry  in  ceramic  materials  for  use  in  electronic  packages, 
integrated  optics,  cooling  systems,  electromechanical 
transducers,  magnetic  recording,  multilayer  actuators,  ionic 
batteries,  and  chemical  sensors. 

Electronic  circuitry  is  the  most  advanced,  especially  in  thick  film  and 
multilayer  packaging  technology,  where  control  of  electrical  conductivity  and 
dielectric  constant  are  the  key  parameters.  Integrated  optic  systems  utilizing  LiNb03 
make  use  of  small  changes  in  refractive  index  to  guide  and  control  light  waves.  Low 
absorption  coefficients  are  also  important  in  optical  circuitry.  Thermal  circuitry  is 
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important  in  packaging  technology  where  heat  must  be  removed  as  efficiently  as 
possible.  Thermal  conductivity  and  convective  fluid  flow  are  effective  means  of 
heat  dissipation.  Information  storage  utilizes  magnetic  circuitry  made  from  high 
permeability  and  high  conductivity  materials  to  concentrate  and  manipulate  regions 
of  high  magnetic  flux.  Electric  flux  concentration  is  used  in  ceramic  actuators  to 
produce  large  displacements  with  small  voltages.  Field  concentration  is 
accomplished  with  multilayer  systems  made  up  of  internal  electrodes  with  high 
conductivity,  and  high  permittivity  dielectric  layers.  Multilayer  capacitors  operate 
on  a  similar  flux  concentration  principle.  Ionic  movement  in  battery  systems 
constitutes  another  type  of  circuitry  in  ceramics  like  |J-alumina  and  stabilized 
zirconia.  Ionic  conductivities  and  diffusion  coefficients  through  intervening 
membranes  are  crucial  property  coefficients.  Porous  ceramics  with  high  surface 
areas  are  used  in  fabricating  chemical  sensors.  The  movement  of  molecules  and 
dissociation  products  constitutes  a  type  of  chemical  circuitry  controlled  by  diffusion 
coefficients  and  surface  electrical  resistivity. 

Integrated  Ceramics 

The  age  of  ceramic  integration  is  upon  us.  Until  recently  multilayer  ceramic 
packages  consisted  of  dielectric  strata  with  metallic  circuitry  printed  on  each  layer 
and  interconnected  through  metallized  via  holes  between  layers.  Now  additional 
circuit  elements  are  being  added.  In  the  past  two  years  buried  capacitors  and 
resistors  have  been  added  to  the  three-dimensional  packages,  and  other  components 
will  follow  shortly.  Future  developments  in  the  held  of  integrated  ceramics  are 
illustrated  by  the  flowering  tree  in  Fig.  3.  Smart  sensors,  adaptive  actuators,  and 
ceramic  packages  with  electroluminescent  display  panels,  enclosed  printing  units, 
and  voice  modules  are  on  the  horizon. 


Fig.  3.  Integrated  ceramic  packages  of  the  future  will  incorporate 
many  different  components. 
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To  conduct  these  functions  it  will  be  necessary  to  incorporate  a  wide  variety  of 
sensors,  transducers,  and  actuators,  together  with  thermistors  and  varistors  to  guard 
against  current  and  voltage  overloads.  The  process  of  preparing  co-fired 
multicomponent  ceramic  packages  involves  a  marriage  of  tape  casting  and  thick 
film  technologies,  augmented  by  photolithography,  etching,  sol-gel  films,  and 
fugitive  phases.  In  these  multilayer  packages,  thick-film  conductors,  resistors,  and 
dielectrics  are  screen-printed  on  green  low-firing  ceramic  tapes  to  produce  patterned 
circuitry  in  single  layers.  Vias  are  punched  through  the  tapes  and  metallized  to 
establish  interconnects  with  adjacent  layers.  Low-permittivity  tapes  are  used  for 
signal  transmission  layers,  and  high-K  tapes  are  used  for  the  power  plane.  After 
lamination  into  a  single  green  body,  the  stack  is  sintered  to  produce  a  monolithic 
ceramic  body  with  co-fired  components  buried  within  it.  These  substrate  packages 
have  the  advantages  of  reduced  size  and  fewer  surface-mounted  components,  as 
well  as  low  firing  temperatures.  Moreover,  the  buried  capacitors,  resistors,  and 
metal  interconnects  are  hermetically  sealed  within  the  ceramic  package,  thereby 
protecting  the  circuit  elements  against  moisture,  chemical  attack,  and  mechanical 
damage. 

Smart  and  Very  Smart  Materials 

Webster’s  dictionary  gives  several  definitions  for  the  word  SMART, 
including  "to  feel  mental  distress  or  irritation",  "alert,  clever,  capable",  and 
"stylish".  All  three  meanings  are  appropriate  to  the  currently  fashionable  subject, 
"Smart  Materials".  It  causes  one  mental  distress  to  think  a  ceramic  can  in  any  way 
be  smart,  but  with  the  help  of  a  feedback  system,  it  is  possible. 

The  Piezoelectric  Pachinko  machine  illustrates  the  principle  of  a  smart 
material.  Pachinko  Parlors  with  hundreds  of  vertical  pinball  machines  are  very 
popular  in  Japan.  The  Piezoelectric  Pachinko  game  constructed  by  engineers  at 
NipponDenso  is  made  from  PZT  multilayer  stacks  which  act  as  both  sensors  and 
actuators.  When  a  ball  falls  on  the  stack,  the  force  of  impact  generates  a  piezoelectric 
voltage.  Acting  through  a  feedback  system,  the  voltage  pulse  triggers  a  response 
from  the  actuator  stack.  The  stack  expands  rapidly  throwing  the  ball  out  of  the  hole, 
and  the  ball  moves  up  a  spiral  ramp  during  a  sequence  of  such  events.  Eventually, 
it  falls  into  a  hole  and  begins  the  spiral  climb  all  over  again. 

The  video  tape  head  positioner  operates  on  a  similar  principle.  A  bilaminate 
bender  made  from  tape-cast  PZT  ceramic  has  a  segmented  electrode  pattern  dividing 
the  sensing  and  actuating  functions  of  the  positioner.  The  voltage  across  the 
sensing  electrode  is  processed  through  the  feedback  system  resulting  in  a  voltage 
across  the  positioning  electrodes.  This  causes  the  cantilevered  bimorph  to  bend, 
following  the  video  tape  track  path.  Articulated  sensing  and  positioning  electrodes 
near  the  tape  head  help  keep  the  head  perpendicular  to  the  track.  The  automatic 
scan  tracking  systems  operates  at  450  Hz. 
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These  two  examples  illustrate  how  a  smart  ceramic  operates.  A  smart 
material  senses  a  change  in  the  environment,  and  using  a  feedback  system,  makes  a 
useful  response.  It  is  both  a  sensor  and  an  actuator. 

The  definition  can  be  extended  to  even  more  clever  materials.  A  very  smart 
material  senses  a  change  in  the  environment  and  responds  by  changing  one  or 
more  of  its  property  coefficients.  Such  a  material  can  "tune"  its  sensor  and  actuator 
functions  in  time  and  space  to  optimize  behavior.  The  distinction  between  smart 
and  very  smart  materials  is  essentially  one  between  linear  and  nonlinear  properties. 
The  physical  properties  of  nonlinear  materials  can  be  adjusted  by  bias  fields  or  forces 
to  control  response. 

The  difference  between  a  smart  and  a  very  smart  material  can  be  illustrated 
with  piezoelectric  and  electrostrictiv  ceramics.  PZT  is  a  ferroelectric  ceramic  in 
which  piezoelectric  coefficient  is  a  constant  and  cannot  be  electrically  tuned  with  a 
bias  field. 

PMN  is  not  piezoelectric  at  room  temperature  because  its  Curie  temperature 
lies  near  0*C.  Because  of  the  proximity  of  the  ferroelectric  phase  transformation, 
however,  PMN  ceramics  exhibit  very  large  electrostrictive  effects  with  a  large 
nonlinear  relationship  between  strain  and  electric  field.  Electromechanical  strains 
comparable  to  PZT  can  be  obtained  with  electrostrictive  ceramics  like  PMN,  and 
without  the  troubling  hysteretic  behavior  shown  by  ferroelectric  PZT.  The 
nonlinear  relation  between  strain  and  electric  field  can  be  used  to  tune  the 
piezoelectric  coefficient.  The  piezoelectric  d33  coefficient  is  the  slope  to  a  maximum 
value  of  1500  pC/N  (about  three  times  larger  than  PZT)  under  a  bias  field  of  3.7 
kV/cm. 

Eventually,  of  course,  we  would  like  to  include  a  feedback  system  within  a 
smart  ceramic,  but  there  seems  to  be  no  simple  way  to  do  this  at  present.  A 
promising  approach  i*:  to  deposit  ceramic  films  on  silicon  chips.  Limited  success  has 
been  achieved  with  lead  titanate  and  lead  zirconate-titanate  films  on  silicon  for 
long-term  ferroelectric  random  access  memories  (PRAM).  By  utilizing  these 
ferroelectric  films  as  sensors  and  actuators,  a  family  of  extremely  intelligent 
materials  could  be  obtained  in  which  the  feedback  electronics  could  be  fully 
integrated  in  the  material.  The  time  is  not  far  off  for  such  intelligent  composites. 

Up  to  this  point,  our  discussion  of  smart  materials  has  focused  primarily  on 
piezoelectric  transducers  in  which  the  sensing  and  actuating  functions  are 
electromechanical  in  nature.  But  the  idea  of  a  smart  material  is  much  more  general 
than  that.  There  are  many  types  of  sensors  and  many  types  of  actuators,  and  many 
different  feedback  circuits.  A  few  possible  combinations  are  shown  in  in  Fig.  4. 
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Fig.  4.  Schematic  of  some  possibilities  for  smart  electroceramic 

packages.  Smart  devices  bring  together  a  number  of  sensor- 
actuator  combinations. 


Summary 

Rapid  progress  in  the  integration  and  miniaturization  of  ceramic  components 
has  led  to  the  development  of  multipurpose  electronic  packages  containing  complex 
three-dimensional  circuitry.  At  the  same  time,  wide  variety  of  smart  sensors, 
transducers,  and  actuators  are  being  constructed  utilizing  composite  materials  to 
concentrate  fields  and  forces.  At  present,  the  processing  methods  make  use  of  tape 
casting  the  thick  film  techniques,  but  several  upset  technologies  loom  on  the 
horizon.  During  the  years  ahead,  we  can  expect  electroceramic  devices  to  follow  in 
the  footsteps  of  semiconductor  technology  as  the  component  sizes  drop  below  100 
|im  and  nanocomposite  devices  become  a  reality. 

A  great  deal  has  been  written  about  the  importance  of  scale  in  magnetic, 
optical,  and  semiconductor  materials,  and  many  of  the  same  effects  occur  in 
electroceramics:  critical  domain  sizes,  resonance  phenomena,  electron  tunneling, 
and  nonlinear  effects. 

The  Golden  Age  of  electroceramics  will  not  last  forever.  The  age  of 
integration,  followed  by  the  age  of  miniaturization  will  inevitably  lead  to  new  ideas 
and  new  systems.  Integrated  ceramic  systems  will  reach  limits-grain  size  for  one— as 
ceramists  strive  to  make  optoelectronic  systems  with  extremely  small  feature  size. 
A  marriage  of  materials  will  emerge  to  replace  integrated  ceramic  packages. 
Patterned  thin  film  systems,  involving  oxides  on  silicon,  or  silicon  on  oxide 
substrates  are  already  under  study,  and  others  will  follow.  Sensor,  actuator,  and 
information  processing  systems  as  complex  and  compact  as  the  human  body  will 
one  day  emerge  in  the  world  of  tomorrow. 
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Electrostriction.  the  mechanical  'train  i  resulting  from  electric  polarization  P,  is  a  second  order  effect; 
X  =  QP'.  In  this  paper,  the  phenomenological  and  physical  origins  of  the  Q  coefficients  are  discussed 
from  a  qualitative  point  of  view.  As  pointed  out  by  von  HippcI.  the  mechanisms  of  electric  polarization 
arc  space  charge  effects,  dipole  reorientation,  ionic  displacements  and  electronic  polarizability.  Not  all 
of  these  mechanisms  arc  equally  effective  in  producing  electrostriction.  We  have  examined  the  Q 
coefficients  reported  for  a  numiier  ol  solids  in  order  to  understand  the  relationships  between  the 
polarization  mechanisms  and  eicctrostiictive  strain.  Trends  were  identified  in  the  structure-property 
relationships  but  several  important  questions  remain  unanswered. 


INTRODUCTION 

Electrostriction  is  the  basic  electromechanical  coupling  in  all  insulator  materials. 
Recently,  there  has  been  renewed  interest  in  this  effect  arising  from  its  applications 
in  actuator  devices  deploying  relaxor  ferroelectric  materials. 

An  examination  of  the  so-called  “very  smart”  materials  leads  us  to  the  basic 
premise  that  these  exploit,  in  the  main,  tunable,  nonliiiear  properties.  Electro¬ 
striction  is  a  second  order  property  that  matches  this  premise,  and  thus  finds 
application  in  sensor-actuator  vibration  control  devices. 

As  a  fundamental  anharmonic  property,  electrostriction  is  of  great  interest  from 
a  theoretical  viewpoint,  as  well. 

In  this  review,  we  examine  electrostriction  from  different  viewpoints — phenom¬ 
enology,  macroscopic  nature,  empirical  correlations  of  electrostriction  with  other 
material  properties,  the  tunable  nature  of  electrostrictive  actuators,  the  relation¬ 
ships  to  the  ionic  nature  of  the  compounds,  and  the  structures  in  which  these 
‘active’  ions  such  as  titanium  or  tungsten  ions  are  housed.  We  also  examine  lead 
magnesium  niobate  (PMN),  that  is  generally  regarded  as  the  prototype  electro¬ 
strictive  material. 


PHENOMENOLOGY  AND  MEASUREMENTS 

The  phenomenology  of  electrostriction  in  ferroelectrics  is  well  discussed  in  many 
texts. A  brief  outline  is  presented  here,  following  the  Devonshire  phenomenol¬ 
ogy- 

Using  the  Elastic  Gibbs  function, 

C,  =  U  ~  TS  ~  X,,x„ 


431 


4.12 


V  SUNDAR  anti  R  E  NEWNHAM 


;is  ii  starting  point.  \sc  inav  derive,  under  suitable  boundary  conditions,  the  following 
contributions  to  the  electromechanical  strain  x,,  in  an  insulating  solid. 


+  O  P  P  +  W  P  P  P  P 

‘  \imnt}*  nt*  n  mnnpi/*  m*  n*  p 


tfinopif  *  m  *  n  ‘  n  *  p  • 


In  this  expression,  the  eicctruincchanical  coupling  effects  arise  from  piczostric- 
tion.  quadratic  electrostriction  and  higher  order  electrostriction  respectively.  This 
allows  us  to  formulate  the  coefficients  in  terms  of  strain  and  polarizations  P„,  as: 


\bp„.bpj,^,  dpy 

H'  =  ( _ ^  (w  = 

. . .  \8P„8P„6P„&PJ^.„  \  dP\} 

Assuming  a  material  with  a  center  of  symmetry,  so  all  odd  rank  tensors  vanish, 
and  neglecting  higher  order  electrostriction.  we  obtain  the  relation: 

v„  =  C?,,„.„P,.,P„.  U  =  QP^) 

defining  the  polarization-related  electrostriction  tensor  coefficient.  1  he  Q  coeffi¬ 
cients  are  seen  as  the  preferable  mode  of  casting  the  electrostriction  tensor  in  that 
they  reflect  the  quadratic  nature  (Figure  1)  of  the  phenomenon  when  strain  is 
plotted  as  a  function  of  polarization.  Strain  vs.  electric  field  plots  do  not  exhibit  a 
quadratic  nature  except  in  linear  dielectrics;  in  ferroelectrics.  the  nonlinear  nature 
of  the  P-E  relationship  (Figure  2)  makes  the  Q  coefficients  preferable  to  the  field- 
related  M  coefficients,  defined  bv: 


-  (sife),,  ("  ■ 


Direct  electrostriction  may  be  expressed  in  terms  of  the  elastic  stress/strain  ob¬ 
served  in  a  material  under  the  action  of  an  applied  field  or  induced  polarization, 
the  effects  are  described  by  the  tensor  relationships; 


O  P  P 
M  EE 


The  converse  effect  may  be  described  in  terms  of  the  field/polarization  developed 
under  the  action  of  stress/slrain  and  a  differently  oriented  polarization/field  as; 


)  y  p 


“  2  ,^E„ 

*—  2 


2  2 

The  more  familiar  forms  of  these  converse  effects  are: 


*' . ‘HSc),, 


2  \  dx„ 


involving  the  dielectric  susceptibility  t)  and  ‘he  dielectric  stiffness  x 


ELECI  ROSl  RlCl  ION  AND  POLARIZATION 


4.0 


Squcr*  o<  Polarization  Pj*§(C 

FIGURE  I  Strain  (jt,)  as  a  function  of  the  square  of  the  polarization  (P\)  in  PMN.  The  quadratic  x 
=  (JP^  nature  of  the  strain — elcctrostrictiun  relation  is  illustrated  (Reference  36) 
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FIGURE  2  Strain  (x,)  (2  A)  and  induced  polarization  (P,)  (2-B)  as  a  function  of  applied  cyclic  (0.01 
Uz)  electric  field  (£,)  in  PMN.  in  the  ferroelectric  phase  at  -  I1()"C.  A  "butterfly  loop"  hysteresis  is 
observed  for  the  strain  (Reference  36), 
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Another  converse  effect  is  the  polarization  dependence  of  the  piezoelectric  volt¬ 
age  coefficient  expressed  as: 

Q  = 

This  effect  is  dealt  with  in  more  detail  later  in  the  article. 

The  electrostriction  tensor  is  a  fourth  rank  tensor,  that  may  be  cast  in  matrix 
form  using  the  collapsed  Voigt  notation.  For  crystals  of  PMN  having  the  point 
group  m3m.  the  matrix  notation  may  be  expressed  as  follows; 


-Tl 

01.0, 20,20  0  0 

0.20„0,2O  0  0 

PI 

Xi 

0.20, 20„O  0  0 

P\ 

0  0  0  0„4O  0 

P2P, 

Xs 

0  0  0  0  0,40 

P,P^ 

X6 

0  0  0  0  0  044 

[P^P2 

This  matrix  contains  three  independent  elements,  while  that  for  an  isotropic 
material  is  of  identical  form,  but  with  one  less  independent  element,  as  in. 

044  ~  ^  01212  ~  2  (0n  —  012) 

The  above  formulations  suggest  ways  to  measure  electrostriction;  direct  mea¬ 
surements  involve  the  evaluation  of  strains  produced  in  the  direct  effect.  This  has 
been  achieved  using  strain  gauge  methods,'  capacitance  dilatometry,*  differential 
transformer  methods,'  and  laser  interferometric  dilatometry.*’^ 

Converse  method  measurements  involve  the  evaluation  of  changes  in  permittivity 
of  the  material  under  lest,  with  respect  to  oriented  or  hydrostatic  applied  stress. 
The  sensitivity  required  in  low  strain  detection  for  the  direct  methods  is  here 
transferred  to  dielectric  measurements.  This  method  is  seen  as  particularly  suitable 
for  low  permittivity  materials.*’ 

Other  methods  that  have  been  employed  to  calculate  electrostriction  coefficients 
employ  ultrasonic  pulse  delay  and  transit  time  methods  to  derive  the  electroelastic 
tensor  of  the  material.  This  has  been  performed  for  quartz."'  However,  the  results 
from  these  methods  for  the  electrostriction  coefficients  do  show  some  differences 
from  values  established  in  the  literature." 

In  ferroelectrics,  the  variation  of  the  transition  temperature  with  pressure 
gives  us  another  method'  to  evaluate  the  hydrostatic  electrostriction  coefficient 
Qh- 


where  C  is  the  Curie-Weiss  constant.  The  second  converse  effect^"*  discussed  earlier 
is  another  way  to  evaluate  the  electrostriction  coefficient. 

APPLICATIONS 

Despite  the  fact  that  electrostriction  was  initially  relegated  to  the  role  of  an  esoteric 
and  at  best  secondary  effect,  the  number  of  applications  of  the  phenomenon,  both 
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theoretical  and  practical,  has  been  increasing  significantly  since  the  introduction 
of  PMN  as  a  prototype  electrostrictive  material.'^ 

Most  applications  take  advantage  of  the  electrostrictor  as  an  actuator,  exploiting 
the  nonhysteretic,  tunable  nature  of  the  electromechanical  response.  Mechanical 
applications  range  from  stacked  actuators"  through  inchworms,  microangle  ad¬ 
justing  devices,  and  oil  pressure  servo  valves."  These  are  in  the  main  servo-trans- 
ducers,  deployed  as  micropositioning  devices,  featuring  a  reproducible,  non-hys- 
teretic  deformation  response  on  the  application  of  an  electric  signal  of  suitable 
magnitude. 

The  linear  change  in  capacitance  with  applied  stress  of  an  electrostrictor  may  be 
characterized  and  the  electrostrictor  can  now  serve  as  a  capacitive  stress  gauge.’ 
harnessing  the  first  converse  effect.  The  second  converse  effect  is  used  in  field 
tunable  piezoelectric  transducers.^'* 

Electrostrictors  have  also  been  integrated  into  “smart"  optical  systems  such  as 
bistable  optical  devices,  interferometric  dilatometers'^  and  deformable  mirrors.'* 
Electrostrictive  correction  of  optical  aberrations  is  a  significant  tool  in  active  optics. 

More  theoretical  applications  of  the  effect  exploit  its  nature  as  a  fundamental 
property  in  all  insulators.  These  include  the  correlation  of  electrostrictive  stresses 
with  optical  Kerr  effect  phenomena'^  and  hydration  effects'®  in  liquids.  Electro¬ 
strictive  coefficients  and  phenomena  are  essential  inputs  to  anharmonic  shell  models'” 
that  further  our  understanding  of  the  behavior  of  the  solid  state.  It  has  been 
proposed  that  electrostrictive  stresses  may  play  a  significant  role  in  the  generation 
of  pressure  waves  by  microwave  pulses  in  dielectrics^"  with  thermal  or  dielectric 
discontinuities.  Electrostrictive  self-trapping  of  light  in  laser  glasses  is  one  of  the 
proposed  mechanisms^'  for  initiation  of  laser  damage  in  these  glasses. 

A  shape  memory  effect  arising  from  inverse  hysteretic  behavior  and  electro- 
striction  in  PZT  family  antiferroelectrics^^  is  also  of  interest. 

ELECFROSTRICTION  AS  THE  ORIGIN  OF  PIEZOELECTRICITY 

Electrostriction  is  seen  to  be  the  origin  of  piezoelectricity  in  ferroelectric  mate¬ 
rials — in  conventional  ceramic  ferroelectrics''  such  as  BaTiOj  as  well  as  in  organic 
polymer  ferroelectrics^’  such  as  PVDF  copolymers. 

The  Devonshire  phenomenology  provides  a  clear  basis  for  this,  as  outlined  below. 
In  a  ferroelectric  material  that  exhibits  both  spontaneous  and  induced  polarizations, 
PI  and  P'l,  the  strains  arising  from  spontaneous  polarization,  piezoelectricity,  and 
electrostriction  may  be  formulated  as: 

2  Q,,klPkP I  +  Qtik/f  kP'l 

In  the  paraclectric  state,  we  may  express  the  strain  as: 

Xi,  =  Q,ikiPkPi,  whence: 

=  g./*  =  2  Q,,kiPi 

Converting  to  the  commonly  used  coefficients: 

^ifk  "hmJkgV”  2  "Hmli 
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This  origin  of  piezoelectricity  in  electrostriction  provides  us  an  avenue  into  non¬ 
linearity;  the  ability  to  tune  the  piezoelectric  coefficient  and  the  dielectric  behavior 
of  a  transducer.  The  piezoelectric  coefficient  varies  with  the  polarization  induced 
in  the  material,  and  may  be  controlled  by  an  applied  electric  field. 

The  elcctrostrictivc  element  may  be  tuned  from  an  inactive  to  a  highly  active 
stale;  the  electrical  impedance  of  the  element  may  be  tuned  by  exploiting  the 
dependence  of  permittivity  on  the  biasing  field  for  these  materials,  and  the  satu¬ 
ration  of  polarization  under  high  fields.^"' 

The  coupling  factors  and  A:,,  of  a  transducer  and  the  planar  coupling  factor 
may  be  measured  by  transmission  methods,  and  are  related  to  the  coefficients 
by  the  relations; 


^33 


^33 

\/£oEi533 


^31 


and  kp 


where  a  is  the  Poisson  ratio  and  the  coefficients  are  elastic  compliances,  with 
the  3-axis  as  the  poling  axis.  Here,  the  slope  of  the  (d,/£y)  vs.  /*,  curves  (Figure  3) 
gives  us  the  Q,^  coefficients.  This  method  employs  the  second  converse  effect 
mentioned  before,  quantifying  electrostriction  from  the  variation  of  the  piezoelec¬ 
tric  coefficients  with  polarization  induced. 


PMN  AS  A  PROTOTYPE  ELECTROSTRICTIVE  MATERIAL 

Lead  magnesium  niobate.  Pb(Mg„3Nb2,3)0,  type  compounds  were  first  synthesized 
more  than  thirty  years  ago.^'  Since  then,  the  PMN  system  has  been  well  charac¬ 
terized  in  both  single  crystal  and  ceramic  forms,  and  may  be  considered  the  pro¬ 
totype  ferroelectric  electrostrictor. 

A  significant  feature  of  the  PMN  system  is  that  the  quadratic  strain-polarization 
relation  holds  into  the  ferroelectric  phase,  well  below  the  average  Curie  temper¬ 
ature  of  O^C  for  this  relaxor  ferroelectric.  The  strain-electric  field  loops  show 
hysteresis  of  a  form  often  referred  to  as  the  “butterfly  loop”  (Figures  1  and  2). 

The  longitudinal  and  transverse  electrostriction  coefficients  have  been  established 
to  be,  for  this  material  in  the  m3m  point  group’: 

g„  =  2.5(5:0.14)  X 

Qa  =  -0.96(5:0.2)  x  10'^  mVC^ 

The  averaged  values  for  poled  ceramic  PMN  are; 

g„  =  2.3  (±0.2)  X  lO-^mVC^ 
g,3  =  -0.64  (±0.05)  X  lO-^mVC^ 

^  0.60  (±0.08)  X  lO-^mVC^ 

The  maxima  in  the  induced  piezoelectric  coefficients  as  a  function  of  biasing 
electric  field  (Figure  4)  are  at  £  —  1.2  MV/m,  with  =  240  pC/N  and  —  = 

72  pC/N.  The  {dj^/f.y)  and  (-dj/e,)  plotted  (Figure  3)  as  a  function  of  P,  give 
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lull 

FIGURE  3  Elecirostriction  aicfficients  and  C>„  may  be  catcutaicd  from  (he  slopes  of  the  plots 
of  dj,/E)  and  shown  here  for  ceramic  PMN  (Reference  36). 

values  of  and  Qj,  that  are  in  accord  with  values  measured  by  other  methods. 
The  coefficients  Qn  and  (2,j  appear  fairly  independent  of  temperature  {Figure  5). 

The  addition  of  PbTiO,  (PT)  to  PMN  gives  rise  to  compositions  in  the  PMN- 
PT  system^  that  have  a  higher  Curie  range  and  better  induced  electromechanical 
coupling  coefficients  (Figure  6).  The  composition  Pb(Mgo  iNboftTi,, ,  )Oj  displays 
this  effect,  with  a  maximum  =  1300  pC/N  at  a  biasing  field  of  3.7  kV/cm. 

One  feature  common  to  many  nonlinear  systems  is  that  the  nonlinearity  is  linked 
to  nanoscale  structural  features.  PMN  may  be  regarded  as  a  self-assembling  nan¬ 
ocomposite, with  ordered  and  disordered  regions.  On  the  nanometer  scale,  the 
system  is  partitioned  into  Mg-rich  and  Nb-rich  regions.  The  Mg-rich  regions  undergo 
ordering,  and  the  local  stoichiometry  of  these  regions  (l:l-Mg:Nb)  is  different 
from  the  system  stoichiometry  (l:2-Mg;Nb).  The  system  relaxes  the  condition  of 
charge  neutrality  on  a  local  scale  to  permit  ordering  of  the  B-site  cations,  so  charge 
neutrality  is  accomplished  now  on  the  order-disorder  scale.’*  The  relaxor  behavior 
of  PMN  is  seen  to  arise  from  the  scale  of  the  structure  (the  cluster  size)  rather 
than  the  chemical  inhomogeneity.  A  simple  cube  modeP^  estimates  these  islands 
to  extend  over  6  unit  cells,  or  about  24  A.  TEM  images  give  typical  dimensions  of 
30  A  for  the  ordered  regions.’*  The  highly  inhomogeneous  nanostructure  gives  rise 
to  polarization  inhomogeneities  as  well.  The  size  of  these  regions  affects  the  mag¬ 
nitudes  of  polarization  fluctuations  caused  by  thermal  motion  near  the  diffuse 
ferroelectric  phase  transition.  Dipoles  in  the  Nb-rich  regions  are  tightly  coupled  to 
each  other,  but  not  to  the  crystal  lattice.  The  nature  of  the  system  (arising  from 
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FIGURE  4  IndiitcU  picwictcciric  coefficients  and  ~d„  as  a  function  of  applied  biasing  field  for 
PMN.  IH'C  (Rcictcncc  3fi). 

the  nanoscale  structure  and  the  diffuseness  of  the  phase  transition)  is  such  that  it 
is  maintained  on  the  verge  of  instability.^**  In  response  to  changes  in  the  stale 
variables  such  as  temperture,  stress,  electric  or  magnetic  fields,  the  dipoles  are  able 
to  reorient  themselves,  giving  rise  to  large  dielectric  and  electrostrictive  effects. 

The  dielectric,  polarization,  and  electromechanical  responses  of  the  relaxor  fer- 
roelectrics  have  been  shown  to  be  glassy,  and  similar  to  the  responses  of  spin  and 
orientational  glasses,^'""'  and  extending  the  superparaelecfric  model.*'  For  exam¬ 
ple.  magnetic  spin  glasses  display  cluster  sizes  on  a  nanometer  scale,  nonlinear 
magnetic  susceptibilities  and  bias  dependence  of  stiffness.  In  PMN,  the  dielectric 
susceptibility  is  similarly  glassy  and  nonlinear,  and  the  stiffness  varies  with  bias. 
This  is  of  particular  interest  because  the  changes  in  linear  elastic  response  may  be 
traced  back  to  local  electrostrictive  strains.  With  the  onset  of  local  polarization 
around  33I)°C,  the  electrostrictive  strains  arising  from  the  induced  polarization 
soften  the  lattice,  leading  to  a  softening  in  the  elastic  stiffness  over  a  broad  tem¬ 
perature  range.  On  the  application  of  a  biasing  field,  the  randomness  of  orientation 
in  the  local  electrostrictive  strains  is  destroyed,  and  the  elastic  response  is  stiffened. 


POLARIZATION  MECHANISMS  IN  ELECTROSTRICTION 

The  basic  mechanisms  contributing  to  the  polarization  in  dielectric  materials  have 
been  identified  and  treated  extensively.*^  Their  individual  contributions  are  illus- 
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FIGURE  5  Qu  and  Q,i  variations  with  temperature  for  PMN  {Reference  5). 

irated  by  the  frequency  dispersion  of  the  linear  dielectric  response  (Figure  7),  that 
separates  the  contributions  from  these  mechanisms.  Space  charge  effects  and  de¬ 
fects  contribute  to  interfacial  polarization,  that  has  a  frequency  regime  of  typically 
1(F  Hz  and  below.  Orientation  or  dipolar  polarization  may  be  seen  in  materials 
that  have  permanent  dipoles,  in  the  range  1(F- 10*®  Hz.  Ionic  or  atomic  polarization 
occurs  from  the  relative  displacement  of  the  ions  in  the  material,  in  the  range  10"'- 
10'-*  Hz.  Electronic  polarization  arises  from  the  distortions  of  the  charge  distri¬ 
butions  around  the  ions  of  the  material,  in  the  optical  frequency  ranges  of  10'^  Hz 
and  above. 

Electrostriction  is  a  polarization  related  effect  as  defined  (x  =  QP^),  and  an 
understanding  of  the  mechanisms  of  polarization  that  contribute  to  the  electro¬ 
striction  is  thus  of  fundamental  interest.  Of  the  mechanisms  outlined  above,  the 
effects  of  the  ionic  and  electronic  contributions  are  of  main  interest.  The  separation 
of  the  contributions  from  these  effects  offers  further  insight  into  the  mechanisms 
of  the  effect  and  is  useful  in  discerning  trends  in  the  electrostrictive  behavior, 
especially  in  low  permittivity  linear  dielectrics. 

Electrostriction  measurements  on  most  crystalline  materials  have  been  performed 
over  limited  frequency  ranges  (10'  Hz  and  below).  Little  variation  of  the  Q  coef¬ 
ficients  with  the  frequency  of  measurement  is  seen.  Measurements  over  wider 
ranges  of  frequencies  may  be  necessary  to  directly  study  the  frequency  dependence 
of  electrostriction.  Glasses,  however,  display  a  dispersion  in  the  values  of  their  Q 
coefficients  with  frequency.  The  {2i,  coefficient  of  sodium  trisilicate  glass  decreases 
from  0.85  mVC*  (e  =  15.5),  at  10^  Hz  to  0.43  mVC*  (e  =  8.82),  at  40  kHz, 
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PMH  lltanal*  fraction 

FIGURE  A  Variation  of  Q,t  and  (?.;  ".'’h  addition  of  FT  to  the  PMN  system  (Reference  5). 


indicating  a  decreasing  contribution  from  ionic  polarization  mechanisms.  The  high 
frequency  value  tends  to  the  value  of  the  Q,,  coefficient  for  fused  silica  ~  0,44, 
2.5  kHz),  indicating  that  the  response  at  these  frequencies  is  that  of  the  silicate 
network  alone. 

U  is  possible  to  analyze  the  individual  contributions  of  the  ionic  and  electronic 
polarizations  to  electrostriction  indirectly  by  comparing  their  contributions  to  the 
dielectric  response  of  the  material.  It  is  known  that  the  high  frequency  relative 
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dielectric  permittivity  e,  is  related  to  the  optical  refractive  index  n  by  the  relation 
n-  ~  £,.  The  pressure  dependencies  of  n  and  z,,  the  relative  permittivity,  may  be 
analyzed  independently.  The  difference  in  the  pressure  dependences  between  these 
is  then  a  measure  of  the  pressure  dependence  of  e^.  the  relative  ionic  permittivity, 
as  expressed  by  the  equation: 


Measurements  of  this  nature  performed  on  KMgF,,  a  fluoride  perovskite,^*’  show 
that  the  ionic  polarization  contribution  to  electrostriction,  as  reflected  by  (At/Ap), 
is  about  30  times  as  large  as  the  electronic  polarization  contribution  (Ae,/A/j),  and 
of  opposite  sign,  typically  -3  kbar  '  as  compared  to  0.09  kbar'^  The  ionic 
contribution  clearly  dominates  the  effect  for  linear  dielectrics  in  low  frequency  (1- 
1(K)  kHz)  regime. 

The  evaluation  of  the  contribution  of  the  electronic  polarization  for  various 
fluorides  and  oxides  reveals  a  significant  trend.  The  values  of  (A/i^/A/;)  for  fluorides 
are  of  similar  magnitude  and  sign  po.sitive  (—2  x  10“'*  kbar“‘).  while  those  for 
oxides  are  negative  ( —  1  x  10  •*  kbar“ This  indicates  that  the  anion  species 
governs  the  electronic  polarization  contribution  in  ionic  solids.  In  covalent  dia¬ 
mond,  where  only  the  electronic  polarization  contributes,  the  small  magnitude  of 
the  contribution,  combined  with  the  high  elastic  stiffness  of  the  material,  gives  rise 
to  an  electrostriction  coefficient  =  0.03  m*  C"^)  that  is  anomalously  low  for 
a  low  permittivity  dielectric. 

The  contribution  of  the  ionic  polarization,  on  the  other  hand,  is  governed  by 
both  cation  species  and  crystal  structure.  Viewing  electrostriction  as  the  interactive 
response  of  ions  to  an  applied  electric  field,  it  is  expected  that  ions  with  higher 
valences  or  higher  polarizabilities  would  lead  to  larger  electroslrictive  effects.  The 
electrostriction  coefficients  may  be  seen  to  vary  inversely  with  Z^,  where  Z  is  the 
ionic  valence  of  the  solid  reduced  to  a  two  atom  chain  model. This  reflects  the 
trends  of  decreasing  Q,,  coefficients  from  alkali  halides  (Z  -  1)  through  fluoride 
perovskites  (Z  =  1.5),  oxides  such  as  MgO  (Z  =  2)  to  ferroelectric  oxide  per- 
ovskites  (Z  =  3)  (Tables  1-A  and  I-B). 

It  must  be  emphasized  here  that  large  Q  coefficients  in  a  material  do  not  imply 
that  it  exhibits  large  electrostrictive  strains.  The  figure  of  merit  used  to  compare 
electrostrictive  strains  generated  in  insulators  is  Qe^,  where  e  is  the  permittivity. 
Relaxor  ferroelectrics  display  Q  coefficients  two  orders  of  magnitude  smaller  than 
common  linear  dielectrics  (10“^,  compared  to  10**).  But  their  permittivities  are 
three  orders  of  magnitude  larger  (10*  as  against  10’),  and  the  figures  of  merit  are 
thus  four  orders  of  magnitude  larger  (lO**  compared  to  10^).  Between  two  materials 
of  comparable  permittivities,  the  material  with  a  larger  Q  coefficient  may  be  ex¬ 
pected  to  display  larger  electrostrictive  strains. 

The  contribution  of  the  crystal  structure  to  electrostriction  arises  from  the  bond¬ 
ing  between  the  ions  in  the  structure.  Electrostrictive  strains  must  act  against  the 
bonding  of  the  ionic  solid,  displacing  the  ions  from  their  equilibrium  positions.  We 
may  then  expect  solids  with  short,  strong  bonds  to  have  weaker  electrostrictive 
effects  (smaller  volume  strains  and  dilations,  for  hydrostatic  electrostriction)  as 
compared  to  solids  with  longer,  and  weaker  bonds.  Among  the  alkali  halides  that 


442 


V.  SUNDAR  and  R  E  NEWNHAM 


TABLE  l-A 

Electrosiriclive  and  dieleclric  data  on  some  ferroelectric  and  non-ferroeleclric 
oxides,  ferroclectncs 


tOMPUSITION 

Ob  X 

IOJm«/L» 

Curie 

cun^ianl 

xl0»K 

ObC  X 

C  l03m4L-»K 

Rrf. 

Pt>(MginNb2/3)Oj 

0.6 

47 

2.8 

31 

PblZniflNbj/jlOi 

0.66 

4.7 

3.1 

31 

BaTiOj 

20 

1.5 

30 

37 

PbTiOs 

3.7 

1.0 

3.7 

32 

SrTiO} 

4.7 

077 

3.6 

33 

KTaOj 

32 

05 

2.6 

37 

PbZiOj 

2.0 

1.6 

3.2 

37 

PblM8l/2'*''l/2>Oj 

6  2 

0.42 

2.8 

31 

PbtSci/3T*i/j)03 

087 

28 

2.4 

34 

Pb(Sci/iNb|/j)03 

013 

3.5 

2.9 

37 

TABLE  I  B 

Electrostrictivc  and  dielectric  data  on  Some  ferroelectric  and  non-ferroclectric  oxides. 

non-ferroelectric.  low  permittivity  materials 

MATERIAL  AND  TYPE 

Ob  •  m*/C^ 

Perniillivitjr 

K«r. 

ALKAU  HALIDES 

UF 

0  40 

904 

4 

Naa 

1  44 

591 

4 

KBt 

2.2* 

4.87 

4 

ALKALINE  EARTH  FLUORIDES 

CaFj  039 

681 

8J5 

BaF} 

044 

648 

8J5 

S1F2 

0.29 

7.37 

US 

ELWRIPE  PERQVSKfTES 

KMgF3 

0.24 

608 

29 

KZnF3 

028 

79 

4 

KMnF3 

0.27 

ll.l 

4 

OXIDES 

Viiieous  silica 

044 

3.8 

28 

Sexiium  ihsilictfe  glus 

0  76  (Q,, 

-  lUtz) 

113 

28 

SoJtum  aiununosilicnie  |l«ss 

0  52(Q„ 

-  lUfi) 

10.2 

28 

MgO 

0.16 

too 

29 

Diamond 

003 

5.86 

4 

PVOF  (Drawn) 

-2  (q33) 

160 

23 
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display  comparable  permittivities,  this  trend  is  reflected  in  Q  coefficients  that 
increase  with  bond  length.  Using  the  lattice  constant  to  reflect  trends  in  bond 
length,  Q,,  increases  from  LiF  (a  =  4.03  A.  Q,,  =  0.4)  through  NaCI  (a  =  5.64 
A.  Q„  =  1.4)  to  KBr  (a  =  6.59  A.  Q„  =  2.3). 

When  an  ion  responding  to  applied  electric  field  is  contained  in  a  polyhedral 
‘cage'  structure,  the  total  distortion  is  determined  by  the  strong  bonds  forming  the 
cage  structure  rather  than  the  ‘rattling’  movements  of  ions  within  the  cage.  In  an 
oxide  perovskite  in  its  paraelectric  state,  the  B-site  cation  is  surrounded  by  an 
oxygen  octahedron.  In  open,  disordered  perovskite  structures,  with  more  ‘rattling 
room',  the  highly  polarizable  B-site  cation  is  free  to  respond  to  applied  fields 
without  distorting  the  octahedra  as  much  as  it  would  in  an  ordered  perovskite 
structure.^’  Ordered  structures  thus  have  larger  strains  per  unit  polarization,  and 
larger  electrostrictive  coefficients  (Table  l-A).  The  disordered  structures  exhibit 
larger  polarizations,  and  thus  larger  dielectric  permittivities. 

A  similar  model  may  be  used  to  explain  tlie  smaller  electrostrictive  effects  in 
sodium  aluminosilicate  glass  (Q,,  =  0.85,  100  Hz)  as  compared  with  sodium  tri- 
silicate  glass  (Qi,  =  0.6,  l(K)  Hz).^^  With  increasing  alumina  content,  the  bridging 
oxygen  fraction  in  the  silicate  network  is  increased,  and  the  coordination  shell 
around  the  Na*  ions  expands.  The  ion  in  an  expanded  silicate  cage  may  thus 
respond  to  applied  fields  without  distorting  the  cage  geometry.  The  contribution 
of  the  Na*  ion  polarizability  is  thus  reduced,  and  a  weaker  electrostrictive  effect 
is  observed. 

The  intuitive  rigid  ion  model  briefly  outlined  above  may  be  used  to  derive  a 
relation  between  the  dielectric  permittivity  of  a  solid  and  the  electroslriction  coef¬ 
ficients.  The  model  is  based  on  the  premise  that  the  properties  of  solids  are  con¬ 
trolled  by  the  magnitudes  of  response  to  external  stimuli  from  small  displacements 
of  ions  in  the  structure  of  the  solid. When  an  insulating  solid  is  subjected  to  an 
electric  field,  we  may  picture  the  cations  and  anions  being  displaced  in  opposite 
directions,  by  Ar  under  the  action  of  the  field.  Assuming  to  a  first  approximation 
that  the  induced  polarization  P,  the  permittivity  e,  and  the  electrostrictive  strain 
X  are  all  proportional  to  Ar,  the  Q  coefficient  may  be  seen  to  vary  inversely  with 
the  dielectric  permittivity,  as  illustrated  by  the  relation^'*: 

VAr^ 

This  relation  between  the  electrostrictive  coefficients  and  the  permittivity  directs 
the  search  for  actuator  materials  towards  high  permittivity  materials.  The  high 
values  of  permittivity  exhibited  by  relaxor  ferroelectrics,  in  spite  of  the  small  Q 
values,  make  these  desirable  candidates  in  this  field. 

EMPIRICAL  CORRELATIONS  WITH  OTHER  MATERIAL  PROPERTIES 

The  hydrostatic  electrostriction  Q,,  of  a  material,  its  thermal  expansion  coefficient 
a,  the  dielectric  permittivity  e,  the  isothermal  volume  compressibility  fl,  and  its 
pressure  dependence  l/fl  (8p/8p)  are  all  similar  in  the  sense  that  all  these  are  defined 
in  the  form  of  compliance  coefficients.  They  all  relate  the  change  in  strains  or 
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FKiURE  8  Correlation  of  permiiiivity  with  for  both  ferroelectric  and  non-ferroelectric  materials. 
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FIGURE  9  Correlation  of  isothermal  volume  compressibility  P  with  for  ferroelcctrics  and  non- 
fcrroelectrics  is  similar,  and  linear. 
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polarizations  developed  in  materials  in  response  to  changes  in  state  variables  such 
as  temperature,  stress  (pressure)  etc.  Intuitively,  we  may  expect  these  properties 
to  exhibit  correlations  between  themselves.  All  of  these  coefficients  may  be  for¬ 
mulated  using  the  quasi-harmonic  and  the  harmonic  models  of  the  solid  state. 

Correlations  of  this  nature  yield  interesting  results.  The  thermal  expansion  coef¬ 
ficient  a  is  seen  to  vary'"  as  Q'/'-  The  dielectric  permittivity  e  varies  (Figure  8) 
approximately  as  Q,,'  for  fcrroelectrics,  but  is  independent  of  Q,,  for  linear  elec¬ 
trics.*  Simple,  linear  relationships  are  observed  for  the  variations  of  p  (Figure  9) 
and  1/p  (5p/5p).  These  are  both  first  order  anharmonic  properties,  as  is  electro- 
striction. 

Another  useful  correlation  observed  is  the  nearly  constant  value  of  the  product 
QfyC  (3.1  ±  0.4)  X  10' m*  K  for  ferroelectric  materials  (Table  I-A). 


SUMMARY 

Eleclrostriction  still  presents  several  new  possibilities  and  challenges  to  investi¬ 
gation.  While  the  basic  nature  and  effects  of  the  phenomenon  are  well  established, 
there  is  still  a  need  for  analyses  that  model  this  effect  on  a  physical  basis.  Modeling 
is  held  back  in  part  by  the  lack  of  reliable,  accurate  measurements  of  electrostrictive 
coefficients  over  wider  frequency  and  temperature  ranges,  especially  in  low  per¬ 
mittivity  dielectrics. 

As  a  fundamental  effect,  electrostriction  may  prove  to  be  an  important  factor 
in  the  design  of  electronic  devices.  The  present  focus  is  on  synthesis  of  materials 
with  large  electrostriction  effects.  The  other  extreme  of  the  scale  may  prove  to  be 
of  interest,  too.  As  microelectronic  devices  are  taken  to  smaller  dimensions,  the 
increased  field  levels  on  the  materials  used  could  make  electrostrictive  effects 
significant  enough  to  prove  a  limiting  factor  in  such  design.  It  is  then  tempting  to 
consider  designing  a  material  with  zero  electrostriction  coefficients,  for  applications 
in  areas  where  field  induced  damage  is  a  significant  risk.  Other,  more  benign  options 
are  also  offered  by  the  effect — in  an  increasing  array  of  novel  applications,  that 
make  it  well  worth  further  study. 
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gained  from  the  leniperalure  variation  of  numerous  material  properties  across  the 
composition  range  of  Interest.  In  particular,  exceptionally  strong  dielectric,  pyroelectric,  and 
piezoelectric  responses  are  typically  observed  at  Uie  MPB  of  binary  systems  of  this  type.  The 
dielectric  and  pyroelectric  responses  of  poled  ceramics  are  also  expected  to  show  features 
which  may  be  Indicative  of  a  curved  boundary.  The  compositional  range  was  Initially 
Investigated  by  means  of  x-ray  dlfTracUon.  Verification  of  these  determinations  and  further 
Insight  Into  the  nature  of  the  boundary  were  gained  from  subsequent  Investigation  of  the 
dielectric,  pyroelectric,  and  piezoelectric  properties  of  the  materia]  through  the  composition 

t 

range  of  the  niorphotroplc  phase  boundary  . 

Sample  preparation 

Tlie  (l-x)Pb(Sci/2Tai/2)03-(.\)PbTt03  ceramics  were  produced  by  a  conventional  mlxed-oxldc 
method  involving  the  use  of  high  purity  starting  compounds,  a  precursor-phase  formulation, 
and  controlled  lead  atmosphere  sintering.  The  compositions  of  Interest  were  Initially 
prepared  as  powders  employing  a  wolframite  ScTa04  ^  precursor  method^  in  order  to  reduce 
the  occurrence  of  undesirable  pyrochlore  phases.  Starting  oxides  80203!  and  Ta205!  were 
batched  and  calcined  at  1400®C  for  6-8  hours  to  fonn  the  ScTa04  precursor.  Compositions  were 
then  formulated  from  PbO^.  TIO2!.  and  the  precursor  phase  across  the  entire  range  so  as  to 
adequately  represent  all  phase  regions  occurring  in  the  system.  Each  composition  was 
calcined  at  900°C  for  4  hours  and  at  IGOO^C  for  1  hour  with  an  Intermediate  comminution  step. 
Compacted  specimens  of  composlUons  {xSO.51  were  fired  at  1400®C  for  one  hour  and  those  with 
compositions  (x>0.5)  at  1200‘’C  also  for  one  hour  within  sealed  alumina  crucibles  containing 
Pb{Sci/2Tai/2)03/PbZr03  source  powders.  Samples  with  composition  1x20.21  were  sufficiently 

t  PbO  (Johirson  Mattliey  -  Materials  Technology  UK  -  Grade  Al};  SC2O3  (Boulder  Scientific  Co.  - 
99.99%];  Ta205  (Hemiarm  C.  Starck  (Berlin)  -  Stand.  Opt.  Grade);  1102  (Aesar  (Johnson 
Matthcy  Inc.)  -  99.999%) 
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Abstract;  A  morphotropic  phase  boundary  between  rhonibohedraJ  and  tetragonal  phase 
regions  has  been  identified  to  He  in  the  composition  range  |x=0.4-0.451  by  means  of  x-ray 
diffraction,  and  dielectric.  p>Toelectrlc,  and  piezoelectric  measurements.  Some  curvature  to 
this  boundary  at  high  temperatures  Is  indicated  In  the  temperature  dependences  of  the 
dielectric  constants  and  pyroelectric  cocfllclents  of  poled  specimens. 


Introduction 

Several  interesting  solid  solutions  of  complex  lead  perovsklte  compounds  and  PbTlOa  exist 
from  which  materials  with  errhanced  properties  and  variable  behaviors  have  been  generated.  * 
Tliese  have  been  shown  to  be  useful  systems  from  both  a  practical  and  theoretical  point  of  view. 
Solid  solution  systems  of  rhombohedral  lead-based  complex  perovskltcs  with  PbTIOa 
generally  have  so-called  "morphotropic  phase  boundaries"  (MPB)  that  occur  between 
rhombohedral  and  tetragonal  phases  at  compositions  ranging  from  lx-0. 1]  to  (x~0.4l.  It  should 
be  noted  that  tlie  "morphotropic  phase  boundaries"  Identified  for  many  of  these  systems  show 
some  curvature  at  high  temperatures  and.thcrefore,  strictly  speaking,  are  not  truly 
temperature  Independent  as  the  name  suggests;  the  boundary  between  rhombohedral  and 
tetragonal  phases  Is.  hence.  Identified  as  a  MPB  In  the  sense  that  It  It  is  a  boundary  separating 
phases  whose  structure-type  depends  largely  on  composition,  especially  at  low  temperatures. 
The  compositional  "location"  of  the  MPB  for  a  given  system  has  been  correlated  with  the 
relative  stabilities  of  the  tetragonal  and  rhombohedral  phases  as  predicted  by  consideration  of 
the  perovsklte  tolerance  factor,  t.^  Similar  consideration  of  the  (l-x)Pb{Sci/2Ta  1/2)03- 
{x)PbTl03  system  anllclpalcs  such  a  morphotropic  phase  boundary  (MPBl  to  occur  at  lx=0.41. 
The  actual  position  of  the  MPB  Is  most  readily  assessed  by  basic  structural  analysis.  In  this 
study  conducted  by  means  of  x-ray  diffraction.  Further  verification  of  the  compositional 
range  of  the  boundary  and  determlnaUon  of  any  possible  curvature  at  high  temperature  may  be 


The  dielectric  constant.  K.  and  dissipation  factor.  D.  were  measured  as  a  function  of 
temperature  and  frequency  using  an  automated  system  consisting  of  an  oven  (Model  2300. 
Delta  Design.  Inc.),  an  LCR  meter  (  Model  4274A.  Hewlett  Packard.  Inc.),  and  a  digital 
mnlUmeler  interfaced  with  a  desk  top  computer  (Model  9816,  Hewlett  Packard,  Inc.).  Dielectric 
runs  were  made  at  1  KHz  over  a  temperature  range  of  (-150  •  260®C1.  Hie  samples  were  poled  In  a 
stirred  oil  bath  at  temperatures  near  the  transition  temperature  under  a  poling  field  of  20 
(KV/cm)  for  15  minutes  and  then  slowfy  cooled  with  the  field  applied  to  -SO'C  before  the  poling 
field  was  removed. 

The  pyroelectric  response  was  measured  by  a  modified  Byer-Roundy  method.®  The 
specimens  were  initially  poled  In  air  within  a  te.mperature  chamber  [Model  2300.  Delta  Design. 
Inc.l  In  the  vicinity  of  the  transition  temperature  under  a  poling  field  of  [20  (KV/cm)|  for  15 
minutes  and  cooled  with  the  field  applied  to  —  100®C.  The  poling  field  was  then  removed.  A 
desk  top  computer  [Model  9816,  Hewlett  Packard.  Inc.)  was  used  to  record  the  pyroelectric 
current  data  collected  by  the  picoanuneter  [Model  4 1408,  Hewlett  Packard,  Inc.).  The 
pyroelectric  coefllclenls  were  subsequently  calculated  from  the  pyroelectric  current  data. 

The  longitudinal  piezoelectric  strain  coefficient,  daa.  was  determined  for  specimens, 
poled  as  described  for  the  dielectric  measurements,  utilizing  a  Berllncourt  d33  meter  [Model 
CPDT-3300.  Channel  Products.  Inc.l.  The  p>oled  specimens  were  probed  at  approximately  ten 
different  points  and  the  arithmetic  mean  of  these  determinations  were  recorded  as  the  actual 
value  for  a  particular  sample.  The  rated  accuracy  for  the  Berllncourt  meter  employed  is  ±2% 
for  the  range  of  responses  exhibited  by  these  samples. 

Results  and  discussion 

The  structure  type,  lattice  parameter,  and  theoretical  density  were  determined  at  room 
temperature  by  means  of  x-ray  diffraction  for  samples  extending  across  the  entire 
compositional  range  of  the  system.  Complete  solid  solution  Is  apparent  with  the  morphotroplc 


dense  (-=95%  IheoreUcaJ  density)  after  Uils  first -stage  sintering  step;  however,  specimens  with 
compositions  IxSO.l]  required  a  second  higher  temperature  sintering  |1500-1560°C/20 
minutes)  which  was  conducted  In  a  molybdenum  tube  furnace  with  a  relatively  rapid  heating 
and  cooling  schedule  to  avoid  excessive  lead  loss.  These  samples  were  90-95%  theoretical 
density  following  this  second  stage  sintering  step. 

The  samples  prepared  for  room  temperature  x-ray  diflractlon  were  all  fired  under  the 
first-stage  sintering  conditions  and  ground  to  a  powder  '-r  measurement.  Solid  specimens 
were  prepared  for  tlie  hlgh-temperature  x-ray  dllTraction  studies.  X-iay  surfaces  were  ground 
with  12  pm  AI2O3  and  tlie  samples  were  subsequently  annealed  at  500°C  for  20  minutes  to 
relieve  any  surface  stresses  generated  from  the  grinding. 

Specimens  for  dielectric  and  pyroelectric  measurement  were  cut  as  plates  from  the 
sintered  disks  with  the  dielectric  samples  typically  10.75  cm)  on  edge  and  (0.15  cm)  In  thickness 
and  pyroelectric  samples  |0.4  cm)  on  edge  and  10.025-0.03  cm)  In  thickness.  The  specimens  for 
piezoelectric  das  cocfllclent  measurement  were  prepared  as  blocks  typically  (0.4  cm)  on  edge 
and  (0.2  cm)  In  thickness.  The  electrode  surfaces  were  sputtered  with  gold  to  which  silver 
contact  points  were  subsequently  applied. 

Experimental  procedure 

The  structure  type,  lattice  parameters,  and  theoretical  densities  were  determined  for  each 
composition  by  means  of  x-ray  dllTraction  using  both  Philips  APD3600  and  Scintag  IPADV] 
automated  diffractometers.  CuKa  radiation  was  employed.  Scans  were  made  on  powder 
samples  Incorporating  a  SI  |SRM  640)  standard  over  a  range  of  42-52®  (28)  at  a  rate  of 
|0.25°/minutel  and  the  200  and  210  reflections  were  used  to  determine  the  lattice  parameters. 
Hlgh-temperature  phase  transitions  were  monitored  by  an  x-ray  diffraction  set-up  designed  for 
use  at  elevated  temperatures  extending  up  to  IGOO^C.** 


phase  boundary  (MPB)  region  occurring  at  |x-0.4-0.45];  the  IxSO.4)  compositions  show  a 
rhonibohedral  symmetry  and  compositions  (x>0.41  possess  tetragonal  symmetry  with  a  c/a 
ratio  which  Increases  steadily  across  the  tetragonal  composition  ramge  (Figure  1;  Table  1). 
Samples  approaching  pure  PbTlOa,  for  which  the  aspect  ratio  and,  hence,  the  lattice  strains  are 
becoming  considerable,  like  pure  PbTlOa,  exhibit  very  low  structural  Integrity.  The  (x>0.9i 
specimen  became  fragile  and  fractured  easily  within  24  hours  after  sintering.  The  volume,  x- 
ray  density,  and  aspect  ratio,  c/a,  are  given  in  Table  1.  An  overall  decrease  in  the  unit  cell 
volume  and  x-ray  density  Is  observed. 

Hlgh-temperature  x-ray  diffraction  revealed  the  general  location  of  the  phase  boundary 
between  the  hlgh-tcmpeiature  cubic  and  lower  symmetry  phases.  The  smallest  temperature 
Interval  practically  achieved  with  this  experimental  set-up  Is  approximately  15®C  and.  hence, 
by  these  means,  transition  ranges  of  -10-20®C  were  defined  for  compositions  (xsO.S-O.SJ  and 
are  recorded  in  Tabic  1.  No  evidence  of  a  hlgh-temperature  rhombohedral< — >letragonaJ 
transition  was  detected  and.  therefore,  any  significant  curvature  of  the  MPB  that  may  exist  is 
assumed, on  the  basis  of  these  measurements,  to  occur  over  a  relatively  narrow  temperature 
interval  in  the  vicinity  of  the  (x=0.4j  composition.  The  actual  transition  temperatures  of  these 
compositions  were  further  refined  by  means  of  dielectric  and  p3nroclectrlc  property 
measurements. 

The  dielectric  constant  measured  at  1  KHz  Is  shown  as  a  function  of  temperature  In 
Figure  2(a)  for  poled  specimens  In  the  composition  range  lx=0.3-0.5).  The  peak  value  of  K(max) 
Is  observed  for  |x=0.45|.  A  "shoulder^  appears  at  the  low-temperature  side  of  the  |x=0.41  peak 
(Figure  2(b)j  Indicative  of  a  possible  phase  transition  preceding  the  ferroelectric  < — > 
paraeleclric  transition  and.  hence,  suggestive  of  some  curvature  to  the  MPB  at  elevated 
temperatures.  It  is  well-known  that  the  dielectric  response,  as  well  as  other  material 
properties  such  as  the  pyroelectric  and  piezoelectric  responses  are  particularly  enhanced  at  the 
MPB  of  binary  systems  of  this  kind  and.  therefore,  the  MPB  of  the  (l-x)Pb(Sci/2Tai/2)03- 


(x)PbTl03  system  may  be  Idcntlfled  on  the  basis  of  these  data  to  be  within  the  composition 
range  !x=0. 4-0.45).  consistent  with  that  determined  by  means  of  x-ray  diffraction. 

The  effect  of  Increasing  Tl-content  on  the  pyroelectric  response  of  the  material,  as 
manifested  In  the  temperature  dependence  of  the  pyroelectric  coefficient,  for  compositions 
(X30.3-0.451  is  shown  In  Figures  3(a-d).  The  change  in  the  shape  of  p(T)  and  the  magnitudes  of 
the  pyroelectric  peaks  are  seen  to  vary  significantly  throughout  the  composition  range 
Investigated.  A  sharp  and  intense  peak  is  observed  for  (x^Q.d]  and  ixeO.351,  occurring  at 
temperatures  sllghUy  lower  than  the  temperatures  of  the  dielectric  constant  maxima  followed 
by  a  doublet  at  lx=0.4)  and  a  somewhat  broadened,  more  intense  peak  at  (x=0.451.  which  also 
occur  at  temperatures  lower  than  but  increasingly  nearer  the  temperatures  of  the  dielectric 
constant  maxima  for  these  compositions. 

A  broad  hlgh-teraperature  "hump"  has  been  reported  for  compositions  (x30,3*0.4|  from 
this  system®  which  had  originally  been  attributed  to  a  phase  transition  and,  hence,  the  earlier 
pyroelectric  study  idcntlffed  a  broader  MPB  region  with  pronounced  curvature.  It  has  been 
determined  in  this  investigation  that  the  currents  giving  rise  to  these  hlgh-tcmpcrature 
features  are  apparently  non-pyroelectric  in  nature  and  more  likely  some  thermally  stimulated 
conduction  effect.  The  marked  decrease  in  the  peak  pyroelectric  response  at  (x=0.4l  may  well  be 
due  to  the  occurrence  of  this  non- pyroelectric  current  which  would  effectively  suppress  the  full 
pyroelectric  response  of  the  material.  A  more  thorough  Investigation  of  the  conductivity  for 
these  compositions  Is  required  to  more  accurately  determine  the  origin  and  exact  nature  of  this 
additional  component  of  the  induced  current. 

It  Is.  therefore,  assumed  at  this  time  that  only  the  sharp  lower  temperature  peaks  in 
this  composition  range  are  representative  of  the  actual  pyroelectric  response  of  the  material 
and  thereby  indicative  of  the  phase  transitions  occurring  at  each  composition.  The  position 
and  shape  of  the  MPB  as  defined  by  these  pyroelectric  data  only  are  found  to  be  In  reasonable 
agreement  with  what  was  determined  by  means  of  x-ray  diffraction  and  dielectric 


measurement. 


The  magnitudes  of  the  longitudinal  piezoelectric  strain  coelTlrlent.  das.  for  specimens 
In  the  composition  range  |x=0.3-0.5l  are  recorded  In  Table  2.  The  maximum  longitudinal 
piezoelectric  response  Is  attained  for  the  (x=0,45|  composition,  occurring,  as  would  be  expected 
for  a  system  of  this  kind,  at  the  morphotroplc  phase  boundary. 

Summary 

Room  temperature  x-ray  diffraction  determinations  have  indicated  that  complete  solid 
solution  occurs  across  the  entire  compositional  range  of  the  (l-x)Pb(Sci/2T'^l/2)03'MPbTI03 
system.  Hlgh-temperature  x-ray  dlllractlon  studies  revealed  the  general  location  of  the  phase 
boundary  between  the  hlgh-temperature  cubic  and  lower  symmetry  phases  in  the  composition 
range  lx=0.3-0.5I  which  was  further  refined  by  dielectric  and  pyroelectric  measurements. 

A  morphotroplc  phase  boundary  IMPS)  between  rhombohedral  and  tetragonal  phase 
regions  was  Identified  by  means  of  x-ray  diffraction,  dielectric,  pyroelectric,  and  piezoelectric 
measurements  to  lie  in  the  composition  range  ix=0. 4-0.451.  Some  curvature  to  this  boundary  at 
high  temperatures  Is  Indicated  in  the  temperature  dependences  of  the  dielectric  constants  and 
pyroelectric  coefficients  of  poled  specimens. 

A  summary  of  the  material  properties  measured  In  tills  study  for  compositions  lx=0.3- 
0.51  appear  in  Table  2.  The  general  location  of  the  MPB  as  defined  by  the  temperatures  of  the 
dielectric  constant  and  pyroelectric  coefficient  maxima  of  poled  specimens  is  depicted  In 
Figure  4. 
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FIGURE  /TABLE  CAPTIONS: 

Figure  1.  Lattice  parameters  (25®C)  determined  for  (I -x)Pb(Sci/2Tai/2)03-(x)PbT103  ceramics 
as  a  function  of  composition. 

Figure  2.  The  dielectric  constant  as  a  function  of  temperature  at  1  KHz  for  poled 
(l-x)Pb(Sci/2Tai/2)03-(x)PbTl03  ceramics:  (a)  x=0.3-0.5  (b)  x=0.4. 

Figure  3.  The  pyroelectric  coefficient  as  a  function  of  temperature  for  (l-x)Pb(Sci/2Tai  72)03- 
WPbTlOj  ceramics:  (a)  xaO.3.  (b)  x=0.35.  (c)  x=0.4.  and  (d)  x=0.45. 

Figure  4.  Schematic  depiction  of  the  general  location  of  tlie  morphotropic  phase  boundary  as 
defined  by  the  temperature  dependences  of  the  dielectric  and  pyrodectric  responses 
of  poled  (l-xjPb(Sc]  /2Tai/2)03-(x)PbTl03  ccramlcs. 


Table  1.  Structural  data  determined  by  means  of  x-ray  diffraction  for  various 
( 1  -x)Pb(Sc  1  /2Ta  1 72)03- WPbTlOs  composlUons. 

Table  2.  Dielectric,  pyroelectric  and  plezoci  -  data  for  poled  (l-x)Pb(Sci  72Tai 72)03- 

(x)PbTl03  ceramics  In  the  vicinity  of  the  morphotropic  phase  boundary. 
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APPENDIX  7 


Variable  Structural  Ordering  in  Lead  Scandium  Tantalate*Lead  Titanate  Materials 


J.R.  Gtniewicz,  A  S.  Bhalla,  and  LE.  Cross 
Materials  Research  Laboratory,  The  Pennsylvania  State  University, 
University  Park,  Pennsylvania-USA 


Abstract:  A  phase  region  of  variable  order-disorder  [VOD|  has  been  Identified  in  this  study  for 
compositions  In  the  range  |x=0.0  -0.075)  (x:  mole  fraction  PbTlOa).  Materials  from  this  region 
retain  some  degree  of  long-range  ordering  of  B-sitc  cations  as  evidenced  by  x-ray  and  electnm 
diilractlon  which  Is  enhanced  with  post-slntering  annealing.  Annealed  ceramics  exhibit 
sharp  dielectric  responses  1K(T)1  and  near-norroal  i^t-order  icrroelectrtc  behavior  while  as- 
fired  specimens  with  lesser  degrees  of  long-range  ordering  ehow  the  more  diffuse  and 
dispersive  characteristics  of  a  relaxor  ferroelectric. 


I.  Introduction 

The  compound  PblSci /2Ta i /2)C3  is  a  complex  perovskite  of  the  type 
lA^+fB^  1/20^  1/2)03.  The  difference  in  the  Ionic  radii  of  the  B  Ions  (0.105  A)  and  the  charge 
difference  between  the  two  are  sufficient  to  allow  for  an  ordered  structure  and  Pb(Sci/2Tai/2)03 
may  exist  In  ordered  stales  ranging  from  a  nearly  complete  random  distribution  of  B  Ions  to 
nearly  perfect  ordering  of  B’  and  B"  in  alternating  planes  along  <1 1 1>.  The  ordered  structure 
has  a  double  unit  cell  of  the  (NH4)3FeF6-type  pictured  in  Figure  1  which  consists  of  eight  basic 
perovskite  units.  The  unit  cell  of  the  superstructure  is  face-centered  with  space  group  Fm3m  in 
the  cubic  (paraelectrlc)  phase.  The  ordered  low-temperature  (ferroelectric)  phase  has  been 
determined  to  be  rhombohedral  with  a  subcell  lattice  parameter  of  4.072  A  and  a»89.82*.^  The 
order/disorder  temperature  of  Pb(Sci/2Tai/2)03  has  been  reported  to  be  Tod*1470®C*"^  and 
specimens  with  various  degrees  of  long-range  order  may  be  produced  either  by  quenching  from 
temperatures  above  or  near  Too>  to  generate  disorder  in  the  compounds,  or  annealing  at 
elevated  temperatures  below  Tqd  so  as  to  induce  ordering  of  the  B-stte  cations.  The  optimum 
annealing  temperature  range  for  Pb(Sci/2Tai  72)03  ceramics  has  been  determined  to  be  (1000  - 
1  lOO^Cj  and.  with  the  maintenance  of  the  proper  PbO  atmosphere,  a  high  degree  of  long-range 
ordering  is  attained  In  relatively  short  annealing  periods.^ 

The  dielectric  response  in  the  radio  frequency  range  of  Pb(Sci/2Ta  1/2)03  materials  is 
observed  to  vary  significantly  with  the  degree  of  long-range  order.  L3  The  temperature  of  the 


dielectric  peirnllllvUy  maximum  ranges  from  --5’C  to  25  ’C  depending  upon  the  degree  of 
order,  with  the  higher  transition  temperatures  occurring  for  the  more  highly  ordered 
compounds.  In  particular,  there  Is  obsenrd  a  marked  increase  In  the  magnitude  of  K(inax) 
and  an  overall  broadening  of  K(T)  In  the  vicinity  of  the  transition  as  shown  in  Figure  2b.  A 
clear  trend  towards  more  diffuse  and  dispersive  relaxor-type  behavior  occurs  with  decreasing 
long-range  ordering  IFlgurc  3(a.b)t.  The  pyroelectric  response  of  Pb(Sci/2Tai/2)03  further 
reflects  the  effect  long-range  ordering  has  on  the  temperature  dependence  of  the  spontaneous 
polarization.  The  pyroelectric  coeffleients  for  two  Pb(Sci/2Ta  1/2)03  specimens  are  pictured  in 
Figures  4(a.b).  Tlie  pyroelectric  coefficient  peak  for  Uic  highly  ordered  sample  JFlgure  4(b)l  is 
observed  to  be  relatively  sharp  while  the  pyroelectric  peak  for  the  more  disordered  sample 
pictured  In  Figure  4(a)  exhibits  double  pyroelectric  coefficient  peaks.  The  occurrence  double 
pyroelectric  peaks  has  been  observed  for  some  partially  ordered  Pb(Sci/2Tai/2)03 
materials. A  pyroelectric  doublet  was  reported  for  a  partially  ordered  single  crystal 
specimen;^*®  transmission  electron  microscopy  ITEM)  of  this  specimen  revealed  a  blmodal 
distribution  of  ordered  domains  consisting  of  ordered  regions  -ISOCA  In  diameter  and 
considerably  larger  ordered  areas  100-1000  times  the  size  of  the  smaller  regions.^*® 

Highly  ordered  Pb(Sci/2Tai/2)03  has  been  shown  to  be  a  first-order  ferroelectric  by 
means  of  both  dielectric  and  thermal  measurements.®  ®  A  latent  heat  effect  Is  observed  for  aU 
partially  ordered  and  highly  ordered  Pb{Sci/2Ta  1/2)03  materials  which  is  enhanced  as  the 
degree  of  order  Is  increased.  This  is  manifested  in  a  marked  Increase  in  the  magnitude  and 
an  overall  narrowing  of  the  speclflc  heat  anomaly  at  the  transition. 

A  variety  of  versatile  and  interesting  materials  may  be  derived  from  the 
(l-x)Pb(Sci/2Tai/2)03-(x)PbTl03  soUd  solution  system.  Previous  investigation  of  this 
system®-*®  has  shown  that  complete  solid  solution  occurs  across  the  entire  compositional 
range  and  a  morphotroplc  phase  boundary  (MPB)  has  been  IdenUfled  between  rhombohedral 
and  tetragonal  phase  regions  over  the  composition  range  |x=0.4-0.45).  It  Is  anticipated  for  this 
system  that  some  variable  structural  ordering  such  as  occurs  for  pure  Pb(Sci/2Ta  1/2)03  wlU 


persist  for  compositions  of  low  x.  Assuming  that  the  Introduction  of  Into  the  structure 
serves  largely  to  disrupt  the  coherence  length  of  long-range  ordering^  rather  than  leading  to  a 
situation  where  the  T1  Ion  Incorporates  Itself  into  some  new  ordered  phase.  It  is  expected  that 
at  some  concentration  of  x  the  variable  long-range  ordering  will  disappear.  Materials  which 
do  possess  this  particular  structural  characteristic  are,  therefore,  expected  to  respond  to  hlgh- 
temperature  annealing  In  a  manner  similar  to  that  of  pure  Pb{Sci/2Tai/2)03  materials.  The 
existence  and  nature  of  the  positional  ordering  in  these  materials  will  be  manifested,  as  for 
unmodified  Pb(Sci/2Ta  1/2)03.  in  the  x-ray  diffraction  patterns,  the  dielectric  and  pyroelectric 
responses,  and  the  specific  heat  characteristics  of  the  specimens.  The  compositional  range 
between  these  "orderable"  compositions,  which  may  possess  varying  degrees  of  long-range 
order,  and  those  which  likely  have  an  invariable,  short  coherence  length  long-range  order^ 
essentially  constitute  a  second  structural  phase  boundary.  Examination  of  this  variable 
order/dlsordcr  fVOD)  region  was  carried  out  by  means  of  x-ray  diffraction,  dielectric  and 
pwoclcctrlc  measurements,  and  thermal  analysis. 

II.  Sample  Preparation 

The  (l-x)Pb(Sci/2Tai/2)03-(x)PbTl03  ceramics  were  produced  by  a  conventional  mixed-oxide 
method  involving  the  use  of  high -purity  starting  compounds,  a  precursor-phase  formulation, 
and  controlled  lead  atmosphere  sintering.  The  compositions  of  Interest  were  Initially 
prepared  as  powders  employing  a  wolframite  |S<fra04p^  precursor  method^®  tn  order  to 

^  The  coherence  length  is  defined  in  tenns  of  the  size  of  order  domains  as  determined  by 
TEM.  *  *  Short  coherence  length  long-range  order.  (2O-8OOA).  Long  coherence  length  long- 
range  order  (>1000A). 


reduce  tiic  occurrence  of  undesirable  pyrochiore  phases.  Starling  oxides  and  Ta205^ 

were  batched  and  calcined  at  1400*C  for  6-8  hours  to  form  the  Scfra04  precursor.  Compositions 
In  the  range  {x50.1|  were  then  formulated  from  PbO^  T102^  and  the  precursor  phase.  Each 
composition  was  calcined  at  900°C  for  4  hours  and  at  1000°C  for  1  hour  with  an  intermediate 
comminution  step.  Compacted  specimens  of  compositions  were  then  sul^ected  to  firing  at 
1400'’C  for  1  hour  within  sealed  alumina  crucibles  containing  Pb(Sci/2Tai/2)03  /  PbZrOs 
source  powders.  The  specimens  were  Uien  subjected  to  a  second  higher  temperature  sintering 
11500-1560®C  /  20  mlnutesl  which  was  conducted  in  a  molybdenum  tube  furnace  with  a 
relatively  rapid  heating  and  cooling  schedule  to  avoid  excessive  lead-loss.  The  samples  were 
90-95%  theoretical  density  following  this  second-stage  sintering  step.  Specimens  of  each 
composition  were  annealed  at  lOOO^C  for  10  hours  In  a  sealed  system  with  a  controlled  lead 
atmosphere  In  order  to  Induce  structural  ordering. 

Specimens  for  x-ray  dliSraction.  dielectric,  and  pyroelectric  investigation  were  cut  as 
plates  from  the  sintered  disks  typically  (0.4  cmj  on  edge  and  (0.025-0.03  cml  tn  thickness.  The 
electrode  surfaces  were  ground  with  12  pm  A1203,  cleaned,  and  sputtered  with  gold.  Silver 
contact  points  were  subsequently  applied  to  the  gold  sputtered  surfaces. 

The  samples  prepared  for  thermal  analysis  were  all  sintered  at  1400®C  for  1  hour  and 
ground  to  a  powder  for  measurement.  The  powder  samples,  typically  80-100  mg  in  size,  were 
sealed  In  aluminum  pans. 


^SC203  (Boulder  Scientific  Co.  -  99.99%1:  Ta205  (Hennann  C.  Starck  (Berlin)  -  Stand.  Opt. 
Grade);  PbO  (Johnson  Matthcy  -  Materials  Technology  UK  -  Grade  Al);  TIO2  (Aesar  (Johnson 
Matthey  Inc.)  -  99.999%) 


III.  Experimental  Procedure 


The  degree  of  long-range  order  In  the  (l-x)Pb(Sci/2Tai/2)03-(x)PbTl03  specimens  was 
determined  by  x-ray  diffraction  using  a  Scintag  (PADV]  automated  diffractometer.  CuKa 
radiation  was  employed.  The  degree  of  structural  ordering  was  evaluated  by  means  of  the  long- 
range  order  parameter,  S,  which  is  deflned  in  terms  of  the  relative  intensities  of  the 
superlattlce  and  normal  lattice  renections  as: 


^Super  *  Normal 

^Nonna)  OBS  *Super  CALC 


ID 


where  the  superlattlce  /  normal  reflection  pairs  employed  are  111/200  and  31 1/222.  *•3'®  The 
long-range  order  parameter.  S.  describes  the  average  distribution  of  B’  and  B"  Ions  on  the  B-slte 
of  Pb(B‘i/2B"i/2)03  as  expressed  by. 


S» 


h-Fb- 

1-Fb 


(2) 


where  Fb-  Is  the  fraction  of  B'  Ions  in  the  compound  and  n  Is  the  fraction  of  the  B'  sites  actually 
occupied  by  a  B’  ion.  This  expression  reduces  to: 

S«2n-l 

for  a  1:1  arrangement  of  B-slte  •;atlons.  A  completely  ordered  arrangement  of  ions  has  S»1 
while  a  completeh  disordered  arrangement  Is  denoted  by  S=0.  The  calculated  ratio  In 
Equation  (1)  has  been  uetermlned  for  the  completely  ordered  condition  i5«l|  and  has.  for 
Pb(Sci/2Tai /2)03.  values  1 .33  and  0.59  for  the  1 1 1  /200  and  31 1  /222  pairs  respectively. ^  The 


31 1/222  pair  [Figure  2a|  was  used  In  this  Investigation  to  evaluate  the  degree  of  long-rang 
order  present  for  the  (l-x)Pb(Sci/2Tai/2)03-(x)PbTl03  materials. 

Assuming  that  the  ordering  that  occurs  for  these  specimens  Is  essentially  a  1 : 1  ordering 
of  and  Ta^'*'  on  the  B-slte  Interrupted  by  the  presence  of  Tl'*'*’,  the  long-range  orde 
parameter  as  defined  above  may  stifl  be  applied  to  evaluate  the  degree  of  long-range  ordertni 
present.  The  results  of  the  present  study  tend  to  support  this  assumption:  however.  It  b 
acknowledged  that  a  more  thorough  Investigation  is  required  to  verify  the  actual  position  a 
the  Tl  Ions  in  the  structure  and.  in  the  event  that  some  type  of  ordering  occurs  tn  which  the  T 
Ion  Itself  is  Incorporated,  tliat  the  long-range  order  parameter  must  be  redefined  In  order  tc 
accurately  quantify  the  degree  of  long-range  ordering  that  exists.  In  the  light  of  these 
considerations,  however,  it  should  still  be  feasible  to  monitor  the  devolution  of  the  variable 
structural  ordering  with  composition  In  terms  of  the  long-range  order  parameter,  S,  as  defined 
so  as  to  provide  some  gauge  by  which  to  assess  the  relative  degree  of  ordering  present 
throughout  the  compositional  range  of  Interest. 

The  dielectric  constant.  K.  and  dlsslpaUon  factor.  D,  were  measured  as  a  function  ol 
temperature  and  frequency  using  an  automated  ^tera  consisting  of  an  oven  [Model  2300, 
Delta  Design.  Inc.j,  an  LCR  meter  (Model  4274A,  Hewlett  Packard.  Inc.l,  and  a  digital 
multimeter  Interfaced  with  a  desk  top  computer  [Model  9816.  Hewlett  Packard.  Inc.).  Dielectric 
runs  were  made  at  1  KHz  over  a  temperature  range  of  (-150-260®C[. 

The  pyroelectric  response  was  measured  by  a  modified  Byer-Roundy*^  method.  The 
specimens  were  initially  poled  in  air  within  a  temperature  chamber  [Model  2300,  Delta  Design, 
Inc.[  in  the  vicinity  of  the  transition  temperature  under  a  poling  field  oi  [20  (KV/cm)|  for  15 
minutes  and  cooled  with  the  field  applied  to  —  100®C.  The  poling  field  was  then  removed.  A 
desk  top  computer  (Model  9816.  Hewlett  Packard.  Inc.)  was  used  to  record  the  pio-oclecUic 
current  data  collected  by  the  plcoammeter  [Model  4140B.  Hewlett  Packard.  Inc.l.  The 
pyroelectric  coefficients  were  subsequently  calculated  from  the  pyroelectric  current  data. 


Thermal  analysis  was  conducted  by  means  of  dlffercnUaJ  scanning  calorlnictry  (Model 
DSC-2.  Perkin  Elmer).  The  specific  heal.  CpfT).  was  dclcmilned  by  referring  the  thermal  curve 
of  t^^e  specimen  to  Uiat  of  a  similarly  contained  sapphire  standard. 

IV.  Results  and  Discussion 

A  series  of  samples  was  assembled  comprised  of  as-flred  and  annealed  specimens  of 
compositions  (x=0.025.  0.05.  0.075,  and  O.l).  The  x-ray  diffraction  peaks  appearing  in  the  20 
range  134-42®)  are  pictured  in  Figure  5(a-d).  The  as-flred  specimens  (11.  for  all  coraposlUons, 
exhibit  only  the  fundamental  reflection  222,  with,  at  most,  only  a  very  subtle  increase  in 
intensity  in  the  \1clnity  of  the  20  range  over  which  the  superlatUce  reflection.  311,  should 
appear.  The  31 1  reflection  does  appear  for  annealed  specimens  |2|.  however,  decreasing  in 
magnitude  with  increasing  x  up  to  (x»0. 1)  for  which  no  superlattice  reflection  is  observed.  The 
8  parameters  evaluated  for  the  annealed  specimens  are  plotted  as  a  function  of  composition 
over  the  range  (x=0-0.11  In  Figure  6.  The  degree  of  long-range  ordering  present  for  these 
specimens  Is  seen  to  decrease  steadily  up  to  |x-0.1|  where  long-range  ordering  is  no  longer 
detectable  by  x-ray  diffraction. 

Dielectric  data  collected  at  1  KHz  are  ghva  in  Table  I  and  the  dielectric  constant  is 
shown  as  a  function  of  temperature  (1  KHz)  in  Figure  5(a-d)  for  as-flred  |1]  and  annealed  |2] 
specimens.  A  marked  sharpening  of  the  dielectric  constant  peak  with  annealing  is  observed 
for  all  compositions  |x50.075)  similar  to  what  is  typically  observed  for  pure  Pb(Sci/2Ta  1/2)03. 
where  a  very  sharp  peak  indicates  a  highly  ordered  state  and  the  normal  ferrcelectrlc  behavior 
generally  associated  with  such  a  specimen.  The  development  of  a  more  normal  ferroelectric 
response  upon  annealing  is  also  evident  for  the  |xS0.0751  specimens  in  the  marked  decrease  of 
the  temperature  Interval  between  the  dielectric  constant  and  the  dielectric  losa  maxima 
(AT(max)]  (Table  I).  A  strong  frequency  dependence  of  both  the  dielectric  constant  and  the 
dielectric  loss  for  all  as-flred  specimens,  similar  to  that  pictured  In  Figure  3b  for  the  pure 


PblSci/2Ta  1/2)03  maleriaJ  with  a  low  degree  of  structural  ordering,  was  observed  over  the 
frequency  range  considered  in  this  study. 

Typical  of  pure  Pb{Sci/2Ta  1/2)03  is  a  decrease  In  the  dlclcclrtc  constant  maximum  upon 
ordering  (Figure  2b|.  This  tendency  Is  also  observed  for  the  modified  composlUons  with  the 
dtCfercnce  between  the  maxima  of  as-fired  and  aimealed  specimens  at  a  given  composition 
showing  a  steady  decrease  on  approaching  the  lx»0.075)  composiUoa  Some  gram-growth  upon 
annealing  for  compositions  (x2K).05|  was  apparent  m  this  study  which  is  expected  to  contribute, 
at  least  in  part,  to  the  enhanced  response  of  the  annealed  specimens  In  this  ctxnposiUon  range. 

The  pyroelectric  coefficients  for  as-fired  {IJ  and  annealed  (2|  specimens  arc  shown  as  a 
function  of  temperature  In  Figure  7(a-d).  DisUnctlve  double  peaks  were  observed  for  all  of  the 
as-fired  compositions  (x<0.1].  A  maximum  separation  of  the  two  peaks  occurs  at  {x«0.025) 
followed  by  a  steady  decrease  in  the  separation  up  to  (xaO.  1).  The  existence  of  a  second  peak  is 
barely  discernible  for  the  as-fired  [xsO.075]  composition,  appearing  more  as  an  asymmetry  in 
the  peak  response  In  the  form  of  a  "shoulder"  on  the  hlgh-temperalure  side  of  the  peak. 
Pyroelectric  doublets  such  as  these  have  been  observed  for  partially  ordered  Pb(Sci/2Ta  1/2)03 
material  which  have  been  associated  with  the  existence  of  a  blmodal  size  distribution  of  well- 
defined  ordered  regions  wlthm  the  specimen  as  evidenced  by  TEM  images.^  Assuming  that  this 
type  of  response  may  be  associated  with  the  variable  nature  of  the  structural  ordering  that  ts 
evident  for  these  compositions,  the  occurrence  of  a  doublet  and  the  disappearance  of  such  a 
feature  in  the  response  may  be  correlated  with  the  existence  of  a  variable  long-range  ordering 
and  the  compositional  limit  to  which  such  ordering  can  be  retained.  Such  an  assumption  Is 
further  supported  by  the  consistent  change  m  the  pyroelectric  coefficient  doublet  to  a  single 
peak  response  with  annealing,  which  has  already  been  shown  to  enhance  the  degree  of  long- 
range  ordering  m  specimens  with  compositions  m  this  range.  Further,  the  comparative 
sharpness  and  mtenslty  of  the  peaks  associated  with  the  annealed  samples  with  respect  to  the 
as-fired  ceramics  suggests  that  a  nearly  optimum  and  reasonably  homogeneous  state  of 
ordering  Is  achieved  for  these  specimens. 


The  specific  heat,  Cp{T).  of  as-fired  and  annealed  samples  are  shown  in  Figure  Sla-dl 
and  the  onset  temperatures.  T^.  and  enthalpies.  AH.  are  recorded  In  Table  II.  These  powdered 
specimens  were  all  fired  only  under  the  first-stage  sintering  conditions  previous^  described 
and,  hence,  the  as-fired  specimens  were  already  partially  ordered  with  the  S  parameter  values 
Indicated  In  Table  11.  The  degrees  of  long-range  ordering  of  the  annealed  powders  were  thus 
somewhat  higher  than  what  was  achieved  for  samples  which  had  been  denslfied  at  higher 
temperatures  and  annealed  as  solids  under  the  same  conditions.  In  all  cases,  there  is  observed 
an  enhancement  in  the  maximum  specific  heat  with  annealing  for  a  given  composition, 
similar  to  that  occurring  for  pure  Pb(Sci/2Tai/2)03,  and  a  general  decrease  for  both  as-fired 
and  annealed  specimens  with  increasing  x  approaching  Ix>0.1].  The  onset  temperatures.  Tt, 
(Table  II]  are  generally  observed  to  Increase  with  increasing  Ti-content  while  the  enthalpies 
follow  an  overall  decreasing  trend  with  increasing  x. 

The  general  trends  observed  In  the  thermal  properties  of  the  VOO  compositions  with 
dlflering  degrees  of  long-range  order  are  In  accord  with  those  occurring  m  the  dielectric  and 
pyroelectric  responses  of  these  materials.  In  all  cases,  the  more  ordered  specimens  at  a  given 
composition  show  a  more  pronounced  thermal  effect  which  becomes  steadily  more  diffuse  with 
increasing  x. 

V.  Summary 

A  preliminary  depiction  of  the  (l-x)Pb(Sc}/2Tai/2)03-(x)PbTt03  solid  solution,  based 
on  tlie  data  that  are  currently  available  for  ceramic  specimens  from  this  system^  is  shown  in 
Figure  9  in  which  the  VOO  phase  region  (V]  as  determined  for  this  particular  series  of  samples 
is  Identified.  The  boundary  between  these  compositions  of  variable  order/disorder  (VOD|  and 
rhombohedral  compositions,  which  on  the  basis  of  x-ray  diffraction  are  evidently  unaffected 
structurally  by  the  post-sintering  heat-treatment  conditions  applied  in  this  study,  was 
determined  to  be  in  the  composition  range  (x=0.075-0.11.  The  proposed  high-temperature 


Mixed  Cubic  (XRD)  region  depicted  In  Figure  9  over  tills  composition  range  represents  the 
coexistence  of  ordered  and  disordered  phases  which  may  be  delected  by  means  of  x-ray 
dlflracUon.  Further  definition  of  the  VOD  phase  region  and  a  thorough  refinement  of  the  exact 
structural  nature  of  the  materials  within  It  will  require  a  systematic  survey  of  these 
compositions  over  a  broad  range  of  annealing  temperatures  and  periods.  Such  an 
Investigation  may  yield  results  which  indicate  that,  under  different  annealing  conditions,  the 
compositional  range  of  variable  order/disorder  (VOD]  is  extended  somewhat  beyond  the 
boundary  determined  In  this  study. 

Also  indicated  In  Figure  9  Is  a  range  of  compositions  (x-0. 1-0.3]  for  which,  on  the  basis 
of  electron  diffraction,  it  has  been  determined  that  some  short  coherence  length  long-range 
ordering  does  exist  as  evidenced  by  the  P-type  superlattice  spots  appearing  in  the  electron 
diffraction  patterns.  It  Is  suggested  In  this  initial  depletion  of  the  system  that  this  coexistence 
of  ordered  and  disordered  phases,  similar  to  what  is  shown  for  the  Jx^O-0. 1]  compositions, 
likely  extends  well  Into  the  hlgh-tcmperature  cubic  phase  region  (Mixed  Cubic  (EDD.  Materials 
with  compositions  (x>0.4|  show  no  evidence  of  any  long  or  short  coherence  length  long-range 
ordering  by  means  of  x-ray  or  electron  diffraction  and,  hence,  on  the  basis  of  these 
observations,  are  regarded  as  completely  disordered.  The  structural  characteristics  and 
associated  ferroelectric  behaviors  of  these  compositions  beyond  the  VOD  region  are  presented 
In  greater  detail  elsewhere.*® 
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Tlie  ordered  {r^H4)3FcF6  Structure. 

As-Flred  {11  and  Annealed  |2j  Pb(Sci/2Taj/2J03  ceramics. 

(a)  The  31 1/222  x-ray  diffraction  pair  and  (b)  the  dielectric  constant  as  a 
inunction  of  temperature  at  1  KHz. 

The  dielectric  constant  and  loss  of  Pb(Sci/2Ta  1/2)03  as  a  fimcUon  of 
temperature  and  ffequerKy  (a)  S=0.87  andfb)  S^.4. 

(see  Section  in  for  definition  of  S) 

The  pyroelectric  coefficient  for  Pb(Sci/2Ta  1/2)03 . 

(a)  As-Flred  and  (b)  Aimealed  ceramics. 

The  31 1/222  x-ray  dlfEracUon  pair  and  1  KHz  Kfl)  response  of  As-Flred  11)  and 
Armealed  (21  (l-x)Pb(Sci/2Tai/2)03  •(x)PbTl03  ceramics:  (a)  x-0.025.  (b)  x»«0.05, 

(c)  x=0.075.  and  (dj  x=0.1. 

The  8  parameters  evaluated  for  aimealed  specimens  lx«0-0, 1). 

The  pyroelectric  coefficient  for  As-Flred  (I)  and  Annealed  |21 
( 1  -x)Pb(Sc  I  /2Tai  /2)03  -(x)PbTi03  ceramics:  (a)  x*0.025.  (b)  x»0.05.  (cj  x»0.075. 

(d) x=0.1. 

The  specific  heat.  CpCT).  of  As-Flred  fl)  and  Annealed  (21 
(l-x)Pb(Sci/2Tai/2)03  -txlPbTlOs  ceramics:  (a)  x«0.0.  (b)  x*0.025.  (<d  x-0.050. 
(d)x=0.1. 

A  preliminary  depiction  of  the  (l-x)Pb|Sci/2Ta  1/2)03  -(xjPbTlOs  solid  solution 
system,  (x:  mole  fraction  PbTlOsl 

Dielectric  data  for  As-Flred  (1)  and  Annealed  (21 VOD  compositions  (xaO-0. 1). 

The  enthalpies  (AHl  and  onset  temperatures  fTt)  of  selected  As-Flred  [11  and 
Annealed  (21  VOD  compositions. 


( Do)  J. 


ATtmaz):  dlfTerence  between  the  temperatures  of  the  dielectric  corxstant 
and  dielectric  loss  maxima 


'TC  H  D(max)  I  'TC  |  I  Altmax) 


t 


8 


iifL 

(cal/mole) 


APPENDIX  8 


Ferroftecmcs  Lttters.  1992.  Vol  U.  pp  2t*30 
Repniiis  tv«ii«ble  diftctiy  froin  publisher 
Photocopymg  pemiiued  by  license  only 


©  1992  Gordon  and  Breach  Science  Publishers  S  A 
Pnnted  in  the  United  States  of  America 


LEAD  SCANDIUM  TANTALATE  -  LEAD  TITANATE  MATERIALS 
FOR  HELD  -  STABILIZED  PYROELECTRIC  DEVICE  APPLICATIONS 

J.R.  GINIEWICZ.  A.S.  BHALLA,  and  L.E.  CROSS 

MaJerials  Research  Laboratory,  The  Pennsylvania  State  University, 

University  Park,  Pennsylvania-USA 

(Received  for  Pubiicaoon  March  9.  )992| 

Abstract:  A  preliminary  evaluation  of  the  pyroelectric  response  of  selected 
compositions  from  the  variable  order-disorder  fVODi  phase  region  of  this 
system  has  been  conducted  under  modest  DC  biasing  conditions  in  order  to 
assess  the  performance  of  these  materials  for  application  In  small  area 
pyroelectric  devices.  The  figure  of  merit  (Fol  was  observed  to  be  significantly 
enhanced  over  that  of  the  pure  PblSc  1/2X31/2)03  material  due  to  the  combined 
effects  of  n  doping,  ordering,  and  the  application  of  a  biasing  field. 


INTRODUenON 


The  usefulness  of  pure  Pb(Sc  1/2X81/2)03  materials  operated  under  moderate  DC 
fields  has  already  been  established  for  small  area  device  applications.  The 
general  effect  of  the  biasing  field  on  the  pyroelectric  coefficient.  Ipl.  the  dlelectlc 
permittivity.  Ul.  and  the  dielectric  loss,  (tanil.  is  to  broaden  the  peak  responses 
and  shift  them  to  higher  temperature.  The  peak  responses,  as  indicated  in  Table 
1.  are  all  depressed  under  field  strengths  greater  than  10  {KV/cml.  The  voltage 
response  figure  of  merll,  Fv  =p/c'eEo  fc’-  Uie  heat  capacltyl,  which  ts  commonly 
used  to  rate  the  performance  of  large  area  pyroelectric  detectors.  Is  observed  to  be 
enhanced  by  a  DC  bias,  but  even  at  the  highest  field  strengths,  it  is  still  relatively 
low.  The  signal/  noise  figure  of  merit.  FD=p/c'lt£otan6)*''2  which  is  Important  in 
the  evaluation  of  small  area  devices,  is  significantly  enhanced  with  the  applied 
field,  however,  showing  peak  values  competitive  with  many  of  the  leading 
pyroelectric  materials.  The  optimum  operating  temperature  range  of  the 
Pb(Sci/2Ta  1/2)03  material  is  reasonably  broad  and  centered  at  approximately 
room  temperature.^ 

A  variable  order /disorder  (VOD|  phase  region  has  been  Identified  In  the 
(l-x)Pb(Sci/2Tai/2)03-(x)PbTl03  for  the  range  of  compositions  |xsO-0.075J.3 
Ceramic  specimens  from  this  VOD  region  have  been  found  to  respond  to  post- 
sintering  heat-treatment  In  a  manner  similar  to  that  observed  for  unmodified 
PbfSc  1/2X31/2)03  materials;  the  degree  of  long-range  structural  ordering  is 
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enhanced  and  the  dielectric  and  pyroelectric  responses  of  the  annealed 
specimens  become  more  sharp  at  the  transition  and  more  first-order  In  nature. 
It  wlD  be  demonstrated  that  (l-x)Pb(Sci/2Tai/2)03-(x)PbT103  materials  from  the 
VOD  region  respond  to  DC  bias  in  a  manner  similar  to  that  exhibited  by  pure 
PblSci /2Ta  1 /2IO3  materials.  A  preliminary  evaluation  of  the  pyroelectric 
response  has  been  conducted  for  selecteo  compositions  under  modest  field 
strengths  In  order  to  assess  the  effect  of  Tl-content  on  the  performance  of  the 
modified  Pb(Sci /2Ta j /2)03  material  for  small  area  pyroelectric  device 
applications. 

SAMPLE  PREPARATION 

The  (l-x)Pb(Sci/2Tai/2)03-(x)PbTi03  ceramics  were  produced  by  a  conventional 
mlxed-oxlde  method  Involving  the  use  of  high  purity  starting  compounds,  a 
precursor-phase  formulation,  and  controlled  lead  atmosphere  sintering.  The 
compositions  of  interest  were  initially  prepared  as  powders  employing  a 
wolframite  tScTaQAi**  precursor  method®  In  order  to  reduce  the  occurrence  of 
undesirable  pyrochlore  phases.  Starting  oxides  Sc203^  and  Ta205f  were  batched 
and  calcined  at  MOO’C  for  6-8  hours  to  form  the  ScTa04  precursor. 
Compositions  in  the  range  |xSO.  1|  were  then  formulated  from  PbO^  TI02^  and 
the  precursor  phase.  Each  composition  was  calcined  at  QCW’C  for  4  hours  and  at 
lODO’C  for  1  hour  with  an  intermediate  comminution  step.  Compacted 
specimens  of  all  compositions  were  then  subjected  to  fixing  at  1400”C  for  1  hour 
within  sealed  alumina  crucibles  containing  Pb(Sci/2Ta  1/2)03  /  PbZrOs  source 
powders.  The  specimens  were  then  subjected  to  a  second  higher  temperature 
sintering  11500-1 560^/20  minutes)  which  was  conducted  In  a  molybdenum  tube 
furnace  with  a  relatively  rapid  heating  and  cooling  schedule  to  avoid  exccesslve 
lead  loss.  These  samples  were  90-95%  theoretical  density  foUoadng  this  second- 


t  PbO  (Johnson  Matthey  -  Materials  Technology  UK  -  Grade  All:  SC2O3  (Boulder 
Scientific  Co.  -  99.99%);  Ta205  (Hermann  C.  Starch  (Berlin)  -  Stand.  Opt.  Grade); 
TIO2  (Aesar  (Johnson  Matthey  Inc.)  -  99.999%) 
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Stage  sintering  step.  Specimens  of  each  composition  were  annealed  at  1000°C  for 
10  hours  in  a  sealed  system  with  a  controlled  lead  atmosphere  in  order  to  induce 
structural  ordering. 

Specimens  for  x-ray  diffraction,  dielectric,  and  pyroelectric 
investigation  were  cut  as  plates  from  the  sintered  disks  typically  |0.4  cm)  on  edge 
and  10.025-0.03  cmj  in  thickness.  The  electrode  surfaces  were  ground  with  12  pm 
AI2O3.  cleaned,  and  sputtered  with  gold.  Stiver  contact  points  were  subsequently 
applied  to  the  gold  sputtered  surfaces. 

EXPERIMENTAL  PROCEDURE 

The  degree  of  long-range  order  In  the  (l-x)Pb(Sci/2Tai/2)03-(x)PbTi02  specimens 
was  determined  by  x-ray  diffraction  using  a  Sclntag  IPADV]  automated 
diffractometer.  CuKa  radiation  was  employed.  The  d^ree  of  structural  ordering 
was  evaluated  by  means  of  the  long-range  order  parameter.  S.  which  is  defined  In 
terms  of  the  relative  intensities  of  the  superlattice  and  normal  lattice  reflections 
as: 

^NormalJoBS 

where  the  superlattice  /  normal  reflection  pairs  employed  are  111/200  and 
311/222.®'^  The  long-range  order  parameter.  S.  describes  the  average 
distribution  of  B  ions  at  the  B-site.  A  completely  ordered  arrangement  of  ions 
has  S=1  while  a  completely  disordered  arrangement  is  denoted  by  S=0.  The 
calculated  ratio  in  Equation  (1)  has  been  determined  for  the  completely  ordered 
condition  |S=1|  and  has,  for  Pb(Sci/2Tai/2l03,  values  of  1.33  and  0.59  for  the 
111/200  and  311/222  pairs  respectively.  The  311/222  pair  was  used  In  this 
investigation  to  evaluate  the  degree  of  long-range  order  present  for  the 
( 1  -xlPbfSc  I  /2Ta  i  /2)03- WPbTlOs  materials.^ 

The  dielectric  constant.  K.  and  dissipation  factor.  D.  were  measured  as  a 
function  of  temperature  and  frequency  using  an  automated  system  consisting  of 
an  oven  (Model  2300.  Delta  Design.  Inc.l,  an  LCR  meter  (Model  4274A.  Hewlett 


^Normal 
*  Super  Jc 
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Packard.  Inc.j.  and  a  digital  multimeter  Interfaced  with  a  desk  top  computer 
IModel  9816.  Hewlett  Packard.  lnc.|.  Dielectric  runs  were  made  at  100  Hz.  1  KHz. 
10  KHz.  and  100  KHz  over  a  temperature  range  of  1-150  -  260°C1  under  bias  held 
conditions  of  E=0  and  5  (KV/cm). 

The  pyroelectric  response  was  measured  by  a  modified  Byer-Roundy^ 
method.  The  specimens  were  initially  poled  In  air  within  a  temperature 
chamber  (Model  2300.  Delta  Design.  Inc. I  in  the  vicinity  of  the  transition 
temperature  under  a  poling  field  of  (20  {KV/cm)|  for  15  minutes  and  cooled  with 
the  field  applied  to  —  lOO^C.  The  poling  field  was  then  removed.  A  desk  top 
computer  (Model  9816.  Hewlett  Packard.  Inc.)  was  used  to  record  the  pyroelectric 
current  data  collected  by  the  plcoammeter  IModel  4140B.  Hewlett  Packard.  lnc.|. 
The  pyroelectric  coefficients  were  subsequently  calculated  from  the  pyroelectric 
current  data.  Biasing  field  conditions  of  E^O.  5.  and  10  (KV/cm)  were  applied. 

RESULTS  AND  DISCUSSION 

The  effect  of  a  biasing  field  on  the  pyroelectric  response  of  as-flred  and  annealed 
specimens  of  (x=0.0251  and  (x=0.051  is  shown  in  Figure  lla-d).  The  pyroelectric 
doublets  which  typically  occur  for  the  as-fired  specimens^  are  seen  to  "coalesce” 
into  one  rather  broad  peak  of  reduced  magnitude  with  Increasing  field  strength, 
with  the  peak  response  shifting  towards  room  temperature  for  both 
compositions  (Figure  l(a.b)).  The  overall  breadth  of  the  response  for  these  as- 
fired  materials  at  each  field  strength  Is  generally  similar,  but  somewhat  more 
broad  for  the  composition  of  lower  x.  The  single  pyroelectric  peak  of  the 
annealed  materials  (Figure  Kc.d))  Is  initially  enhanced  and  sharpened  at  both 
compositions  under  a  field  strength  of  5  (KV/cm)  above  which  the  peak  response 
is  depressed  and  broadened,  effects  which  are  more  pronounced  with  higher 
concentrations  of  Tl.  The  temperature  of  the  peak  response  is  also  shifted 
upward  towards  room  temperature  for  these  compounds.  The  magnitudes  of  the 
peak  pyroelectric  coefficients  are  considerably  lower  for  the  as-fired  specimens 
as  compared  with  the  annealed  ones,  however,  the  broader  temperature  range  of 
the  peak  response  for  these  materials  offers  the  advantage  of  a  more  stable 
response  over  a  broad  operating  temperature  range. 
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The  dielectric  response  of  as-flred  and  annealed  specimens  of  |x=0.025| 
and  |x=0  05)  under  DC  bias  conditions  of  E=0  and  5  (KV/cm)  are  found  to  be 
similar  to  the  unbiased  and  biased  responses  of  pure  P'T(Sci/2Ta  1/2)03  materials: 
there  Is  observed  a  decrease  In  the  dielectric  constant  maxima  for  the  as-flred 
materials  and  an  increase  In  the  peak  dielectric  response  for  the  annealed  .  more 
highly  ordered  specimens  under  a  biasing  field.  The  dielectric  losses  (Table  21  are 
generally  depressed  with  the  application  of  a  DC  bias,  especially  for  those 
specimens  which  have  been  annealed. 

The  figure  of  merit.  Fq.  for  as-flred  and  arjiealed  lx=0.0251  and  lx=0.051 
materials  appear  as  a  function  of  temperature  in  Figure  2(a-d)  under  biasing 
conditions  of  E=0  and  5  (KV/cm).  Some  enhanccm''nt  of  the  figure  of  merit  Is 
observed  under  5  (KV/cm)  for  the  as-flred  specimens,  which  even  under  unbiased 
conditions  exhibit  stable  responses  over  an  extremely  broad  temperature  range. 
The  peak  Fd  of  the  annealed  lx=0.0251  composition  (Figure  2(c).  Table  2]  that 
rrnirs  a  I  -9n’r  shows  a  more  m.irked  enhanremenl  over  a  narrower  temperature 
Interval  than  Its  as-flred  counlerparl  (Figure  2(a):  Table  2).  Even  in  an  unbiased 
condition  these  annealed  materials  exhibit  considerably  higher  figures  of  merit 
over  a  broader  temperature  range  than  unmodified  Pb(Sci/2Tai/2)03  materials’ 
(Table  1)  with  optimum  operating  temperatures  only  slightly  lower  than  i -lom 
temperature.  The  Fd  of  the  annealed  (x=0.051  material  (Figure  2(d)(  is  still  rather 
high  compared  with  pure  Pb(Sci/2Ta  1/2)03,  but  somewhat  lower  than  the 
annealed  (x=0.0251  composition.  The  effect  of  the  bias  field  on  the  annealed 
|x=0.05|  material  is  less  dramatic  with  respect  to  the  peak  Fd  attained  (Figure 
2(c.d);  Table  2(;  however,  similar  to  the  as-flred  specimens,  this  material 
exhibits  an  enhanced  figure  of  merit  over  a  broad  temperature  range  above 
T(max). 

It  Is  acknowledged  that  the  Byer-Roundv  method  used  In  this  study  for 
determining  the  pyroelectric  response  of  the  material  does  not  fully  account  for 
the  conditions  Imposed  on  an  element  in  the  actual  operation  of  a  pyroelectric 
array.  An  Investigation  by  means  of  an  alternative  technique  such  as  the 
Chynoweth  method®,  which  more  nearly  simulates  the  actual  operation 
conditions  of  a  pyroelectric  element,  will  be  useful  In  further  evaluating  the  full 
potential  of  these  materials  for  thermal  Imaging  applications. 
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CONCLUSIONS 


The  preliminary  results  oblalned  in  this  study  obtained  under  modest  held 
conditions  indicate  that  the  materials  from  the  VOD  composition  range  of  tiic 
(I-x)Pb(Sci/2Taj/2)03-(x)PbTl03  system  are  highly  variable  in  their  pyroelectric 
performance,  both  with  respect  to  the  maximum  response  achieved  and  the 
breadth  of  the  temperature  range  over  which  a  stable  response  is  obtained.  It  is 
apparent  that  (l  -xlPb(Sci/2Tai/2)03-(x)PbTt03  materials  of  low  x  ivith  a  variable 
state  of  order/ disorder  will  prove  extremely  versatile  for  a  variety  of  point 
detector  applications. 
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We  report  accurate  temperature  dependent  measurements  of  optic  indices  of  refraction,  the 
birefringence,  and  the  strain  tn  the  ferroelectrit'  tungsten  bronze  crystals  and 

two  compositions  of  (Bai_;.Srj,)2(K|  _^Na,)j(NbO))io.  These  results  are  compared  to  our 
previous  results  in  Bao4Sro.iNb20«.  From  the  experimental  data,  it  appears  that  far  above  the 
ferroelectric  Tp  up  to  a  temperature  these  crystals  possess  a  local,  randomly  onented 
polarization,  with  similar  Tj  values,  irrespective  of  their  chemical  composition  and 
Various  aspects  of  our  understanding  of  the  polarization  behavior  and  other  effects  m  this 


ferroelectric  system  are  discussed 

I.  INTRODUCTION 

In  a  previous  paper'  we  reported  measurements,  as  a 
function  of  temperature,  of  the  optic  indices  of  refraction. 
n(  D,  and  elements  of  the  strain  tensor.  x,j  of  the  tetrago¬ 
nal  tungsten  bronze  ferroelectric  Bao4SrotNb206 
(BSN40,r,  =;  75  ’C).  BSN40,  as  well  as  other  mixed  sys¬ 
tem  ferroelectrics,  show  crystalline  ferroelectric  behavior 
but  with  a  glassy  polarization  phase  transition  above  the 
ferroelectric  transition  temperature  up  to  a  dipole  tem¬ 
perature  {Tj).  Some  aspects  of  materials  with  these  prop¬ 
erties  have  been  reviewed.^  Particularly  noteworthy  in  our 
previous  work'  is  that  analysis  of  the  n{T)  and  x,,  data 
yields  essentially  the  same  Tj  values  as  well  as  essentially 
the  same  temperature  dependent  dipole  polarization 
(P^=(Pj)''^)  which  merges  with  the  ferroelectric  revers¬ 
ible  polarization  iP,)  below  Tf. 

In  this  paper  we  extend  our  previous  measurements  to 
several  related  crystals.  These  are  Bsq  2sSro  7]Nb20t 
(BSN25,r,  =  56 ’C)  and  (Ba2_;cSr,)2(K,  _^a,)2 
(Nb03}io  (BSKNN)  with  several  ratios  of  atoms.  In  par¬ 
ticular,  for  these  materials  we  report  measurements  of  P^ 
It),  Hi,  and  the  optical  birefringence,  as  well  as  some  com¬ 
ponents  of  the  strains.  These  results  are  compared  to  those 
obtained  from  BSN40  and  aspects  of  our  undentanding  of 
these  results  are  disctisscd. 

II.  STRUCTURE 

A  unit  cell  of  the  tetragonal  tungsten  bronze  structure 
is  shown  in  Fig.  1 .  Above  T,  it  has  a  center  of  symmetry 
(space  group  3j*-P4/m6n).  Below  7",  it  remains  tetrago¬ 
nal  (space  group  C^„-P46m)  but  develops  a  reversible  po¬ 
larization  along  the  c  axis  (3  axis).  Figure  1  shows  the 
primitive  unit  cell  viewed  along  the  c  axis.  The  chemical 
formula  can  be  thought  of  as  (Bs]  .^Sr^ljlNbOjlio  since 
there  are  ten  niobium  octahedra  in  this  unit  cell  and  the  Ba 
and  Sr  atoms  randomly  occupy  the  two  a  and  four  0  po¬ 
sitions.^'^  However,  there  are  six  such  positions  and  only 
five  Ba  +  Sr  atoms;  thus  the  structure  automatically  has 


defects.  The  small,  four  y  sites  tend  to  be  occupied  only  by 
smaller  ions  (such  as  Li).  In  fact,  none  of  the  tungsten 
bronze  ferroelectncs  actually  are  ordered  compounds,' 
they  all  have  defect  structures. 

III.  THEORETICAL  CONSIDERATIONS 

A.  Tharmal  axpcnalon 

In  the  tungsten  bronze  type  crystals,  the  prototype 
point  symmetry  is  6/mmm  so  that  the  thermal  expansion  is 
anisotropic  with  components  X}  along  the  fourfold  axis  and 
xj  in  the  perpendicular  plane.  The  ferroelectnc  point  sym¬ 
metry  is  4  mm  and  the  very  high  dielectric  anisotropy  at 
Tf  shows  that  fluctuations  are  confined  to  the  fourfold  axis 
(i.e.,  the  ferroelectricity  is  uniaxial).  For  these  cases,  the 
polarization  fluctuation  induced  strains  will  be  given  by' 

Xj  =  Ac/co  =  ( 1 ) 

X|  s  Aa/oo  »  013^.  (2) 

where  Q,  the  electrostrictive  coefficient,  is  a  fourth  rank 
tensor  written  in  contracted  notation. 

B.  Optical  refractive  Index 

In  the  bronze  family,  there  is  a  sunding  birefnngence 
in  the  uniaxial  tetragonal  prototype  (i.e.,  n^^ni)  and  a 
birefringence  A/ijj.  Since  aU  polarization  occurs  along  the 
ferroelectric  (c,  or  3)  axis,  then  in  contracted  noution.  we 
have,  for  the  indices  of  refraction. 

Ar)  — gji(^j)^F^2,  (3) 

-gij(n?)’^2.  (4) 

where  is  the  index  of  refraction  if  there  were  no  polar¬ 
ization  of  any  sort  present,  whether  along  the  c  axis  ( n® )  or 
perpendicular  to  it  (n?)  and  g,j  are  the  quadratic  electro¬ 
optic  constanu.  The  change  of  optical  birefnngence 
5(An3|)  will  be  given  by  (forn®  =  n?  s  Ro)- 
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FIG.  I.  A  unii  cell  of  the  tetragonal  tungsten  bronze  structure. 


5(A«j,)=  (5) 


IV.  EXPERIMENTAL  TECHNIQUE 

The  reversible  polarization.  P„  was  obtained  by  the 
integration  of  the  pyroelectric  current  versus  temperature 
measured  by  a  method  developed  by  Byer  and  Roundy.’ 
The  poled  single-crystal  sample  was  heated  in  an  air  oven 
with  automatic  heating  rate  control.  The  pyroelectric  cur¬ 
rent  was  measured  by  a  picoammeter. 

Thermal  expansion  measurements  were  carried  out 
from  room  temperature  to  about  300  *C  by  using  a  high 
sensitivity  linear  variable  differential  transformer  (LVDT) 
dilatometer.  Heating/cooling  rate  of  0.3  *C/min  was  cho¬ 
sen  and  regulated  by  a  microprocessor  based  temperature 
controller.  Single-crystal  rods  cut  with  length  parallel  to 
either  c  or  a  ax's  were  mounted  inside  a  fused  siUca  holder 
which  is  set  upright  in  a  vertical  furnace,  and  the  thermal 
expansion  or  contraction  was  recorded  on  an  X-Y  re¬ 
corder. 

The  indices  of  refraction  parallel  to  P,{ni)  and  perpen¬ 
dicular  to  P,(n^)  were  measured  by  the  minimum  devia¬ 
tion  technique.'  Oriented  single-crystal  prisms  were  used 
in  an  oven  in  conjunction  with  various  lasers  as  light 
sources. 

The  birefringence,  4n3i,  was  also  directly  measured. 
An  o-cut  plate  was  polished  into  a  wedge  shape  with  a 
known  wedge  angle  (3*-*T).  An3i  was  measured  using  a 
polarizing  microscope  with  a  hot  stage  and  the  sodium  D 
lines  as  a  light  source  (A  =  589.3  nm).  The  birefringence 
was  determined  by 

An3,  =  X/d  sin  6,  (6) 

where  6  is  the  wedge  angle,  and  d  is  the  separation  between 
the  interference  fringes  resulting  from  the  varying  thick¬ 
ness  of  the  wedge. 


Table  l.  Valua  or  Uie  C  uid  t  cocfficwnu  OMd  (oi  cklcuiiooa  oT 

Elocvottncuve  coiuuai  (m^/C*)  Cii  •*  -0  71  x  10'‘ 

Cj)  -  3  X  10  -  ^ 

Quvlrmuc  el«etro-opoe  cocOaeni  (mVC*)  <f„  -  j„)  .  0  06« 


V.  RESULTS  AND  DISCUSSION 

Room-temperature  values  of  several  physical  consunu 
derived  expenmentaily  and  used  for  the  calculations  of 
are  summarized  in  Table  1 

Figure  2(a)  shows  the  indices  of  refraction  both  par¬ 
allel  and  perpendicular  to  the  tetragonal  c  axis  of  single- 
crystal  BSN25.  As  can  be  seen,  the  changes  in  n,  are  con¬ 
siderably  larger  than  those  perpendicular  to  the  tetragonal 
axis  (ni).  Continuous  change  in  values  of  both  «,  and  n, 
rather  than  a  classical  soft  mode  behavior  can  be  seen 
Figure  2(b)  shows  birefringence,  AU3,,  as  a  function  of 
temperature  for  the  same  BSN25  single  crystal.  As  is  evi¬ 
dent  from  Fig.  2(b),  Afl3i  decreases  with  temperature,  goes 
through  zero  for  A  =  589.3  nm  at  a  temperature  well  above 
and  the  crystal  changes  from  optically  positive  to  neg¬ 
ative. 


FIO.  2.  (a)  The  racMured  n,  and  K)  for  BSN23  tingle  crystal  at  632  I  nm 
<b)  Optical  btrefnngeoce  A«)i  for  a  BSN2S  at  519,3  am.  The  tcauitt  for 
hcaung  and  cooling  overlap. 
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FIG.  3.  Thermal  strain  for  BSN23  along  the  a  aau. 


Figure  3  shows  the  thermal  strain  data,  x,  =  Cixi/a, 
measured  by  LVDT  for  a  BSN25  single  crystal.  Using  an 
extrapolation  of  the  high-temperature  curve,  it  is  possible 
to  calculate  the  arrest  of  the  change  which  is  due  to  the 
onset  of  As  can  be  seen  from  Fig.  3.  the  deviation 

from  the  linear  high-temperature  behavior  occurs  at  a  tem¬ 
perature  (~  360*0  approximately. 

Temperature  dependence  of  the  pyroelectric  coefficient 
p  and  the  integrated  reversible  polarization  P,  of  single- 
crystal  BSN2S  are  plotted  in  Fig.  4.  BSN2S  is  a  typical 
reiaxor-type  ferroelectric  in  which  a  ferroelectric- 
paraelectric  phase  transition  is  frequency  dependent.’ 

The  Q  and  g  coefficients  for  BSN2S  have  not  been 
measured.  However,  those  for  BSN40  have  been  mea¬ 
sured'*^"  (Table  I)  and  they  have  been  used  for  dedccing 
the  data  of  BSN2S  (and  for  BSKNN,  discussed  later).  Due 
to  the  similarity  of  these  materials,  this  should  cause  little 
error.  Then,  using  these  g  and  g  values  (Table  I),  Fig.  5 
summarizes  the  value  of  (Fj)'''^,  obtained  from  indepen¬ 
dent  measurements.  That  is,  PjOt  (Fj)'^^  is  obtained  from 
the  fly,  n|,  d/i]|,  and  da/a  experimental  results,  using  the 


FIG  4  Tempertiure  dependence  of  the  pyroelectric  coeffiaem  p  and 
revenible  tponuuieoiu  polanzation  P.  for  a  BSN2S  smite  crystal. 


FIG.  3.  vs  T  for  BSN2S.  as  calculated  from  n,  vs  T  (in  solid 

cuclea),  n,  v»  T  Cm  open  circles),  i/i,,  vs  T  (m  solid  inangies).  and 
ao/a  va  r  (m  open  rectangles).  P,  vs  T.  from  p  vs  T.  is  also  shown 


corresponding  equations  (1)  through  (S).  Also  plotted  is 
the  revenible  polarization  data  F,  from  Fig.  4,  It  is  evident 
that  the  polarization  calculated  from  the  (F^)'''^  is  larger 
than  P,  and  extends  several  hundred  degrees  above 
However,  note  that  below  Tf,  both  Pj  and  F,  appear  to 
merge. 

It  has  been  known’  that  the  ferroelectric-paraelectric 
phase  transition  becomes  more  diffuse  when  the  Sr:Ba  ratio 
increases.  Figure  6  shows  the  results'  of  similar  measure- 
menu  performed  on  BSN40.  BSN25  shows  more  pro¬ 
nounced  relaxor  behavior  for  which  the  (Fj)*''^  decays 
slowly  with  temperature  compared  to  BSN40.  Neverthe¬ 
less,  both  BSN40  and  BSN2S  show  similar  value,  even 
though  there  are  differences  in  their  compositions. 
It  has  been  reported  that  Tj  of  (PLZT) 
Zr^Ti|_,)i_x/403}  is  approximately  equal  to 
Tf  of  PZT*  and  of  Pb(Ti,  _;iSn,)03  is  found''  to  be 
equal  to  Tf  of  PbTiOj.  In  BSN  crystals,  there  is  no  end 
member  from  which  an  estimate  of  Tj  can  be  made.  How- 


FIO.  6.  (Fi)*''’  VI  T  for  BSN40,  as  calculated  from  nj  vs  T  (m  solid 
circles),  n,  vs  T  (in  open  circles).  aii)i  vs  T  (in  solid  mangles),  and  dc/r 
vs  r  (in  solid  recungles).  P,  vs  T.  from  p  vs  F.  is  also  shown  as  the  solid 
line. 
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FIG  7  (a)  The  indicea  of  refraction  both  parallel  and  perpendicular  to  the  tetragonal  c  axii  at  A  »  632  8  tun;  (b)  the  thermal  Mrain  Ao/o  measured 
by  LVDT  diiatometry  method:  (c)  the  temperature  dependence  of  the  pyroelectric  coeScieni  p  and  the  integrated  reveraible  spontaneous  polaruaiion 

F.  and  (d)  a  summary  of  the  values  of  (/',)''’  obtained  from  n,  (in  solid  circles),  An,,  (ui  sobd  tnangleal,  and  Ao/a  (in  open  rectangles)  of  a  single 
crystal  BSKNN(  1 ).  f,  is  also  shown. 


ever,  a  Tj  that  is  approximately  compositional  insensitive 
does  seems  to  exist  in  this  system. 

We  have  carried  out  similar  studies  on  related 
‘‘stuffed’*  tungsten  bronze  crystals  with  the  formoia 
(Ba2_,Sr,)j(K,_,J^a,)2(NbOj)io  or  BSKNN  as  weU  as 
rare-eanh  doped  BSKNN.  These  stuffed  tungsten  bronzes 
have  six  atoms  fcr  the  six  a  +  B  sites  (Fig.  1).  However, 
since  the  various  atoms  occupy  both  the  a  and  B  sites,  the 
fundamenul  randomness  in  this  structure  is  maintained. 
We  have  measured  two  such  stuffed  crystals  with  the  for¬ 
mulas,  abbreviations,  and  values  listed  here: 

Ba,jSr2  4KNa(NbOj),o  BSKNNd)  r,=  175*C 

BajSrKijNao.j(NbO,),o  BSKNN(2)  r,2:220*C 

Figure  7(a)  shows  the  indices  of  refraction  both  par¬ 
allel  and  perpendicular  to  the  tetragonal  c  axis  of  .tngle- 
crysul  BSKNNd)  for  A  =  632.8  nm.  Figure  7(b)  shows 
the  thermal  strain  Ao/a  measured  by  LVDT  for 
BSKNN ( 1 )  single  crystal.  The  temperature  dependence  of 
the  pyroelectric  coefficient  p  and  the  reversible  spontane¬ 
ous  polarization  P,  of  single  crystsJ  BSKNN ( I )  are  plotted 
in  Fig.  7(c).  A  summary  of  the  (Pj)'*^,  or  P^,  results  for 
BSKNN ( I )  are  shown  in  Fig.  7(d).  Similar  to  the  results 
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for  BSN  (Figs.  5  and  6),  for  BSKNN(  1 )  Pp obtained  from 
the  index  and  strain  measurements  extended  to  T4 
—  350-d00  *C.  This  T4  value  is  several  hundred  degrees 
above  the  ferroelectric  T,  ( =  175  ’C)  indicating  glassy  po¬ 
larization  behavior  over  this  range.  This  T 4  value  is  similar 
to  those  found  for  the  BSN25  and  BSN40  crystals  ( Figs.  5 
and  6).  Also  note  that  below  P4  is  approximately  equal 
to  the  reversible  polarization  P,  indicating  a  common  ori¬ 
gin  of  both  of  these  propertim^ _ 

Figure  8  shows  plots  of  (P\)'^  (determined  from  bi¬ 
refringence  dau)  versus  the  temperature  for  several  related 
BSKNN  compositions,  as  indicated.  BSKNN(2)  shows  a 
sharper  drop  of  the  P4  at  the  T,  while  BSKNN  ( 1 )  shows 
a  slow  decay  of  it.  Although  for  BSKNN  ( 1 )  and 
BSKNN:Nd  are  175  and  145  'C,  respectively,  their  val¬ 
ues  are  almost  the  same. 

The  results  reported  here  for  BSN25,  and  several 
BSKNN  materials,  are  similar  to  those  found  earlier'  for 
BSN40.  It  appears  that  a  local  nonreversible  polarization 
P4  starts  to  become  observable  below  a  dipole  temperature 
Trf.  The  latter  is  several  hundred  degrees  above  the  ferro¬ 
electric  transitions.  Related  measurements  have  been  re- 
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FIG.  8.  dau  derived  from  optical  birefringence  meaauremenu  for 

BSKNN(l).  BSICNN(2).  and  Nd  doped  BSKNN. 


ported'^  in  the  tungsten  bronze  ferroelectric  system 

K2Sr4(NbOj),o- 

TTje  optic  index  of  refraction  (An)  and  the  strain  (Ax) 
measurements  yield  similar  Pj  and  results.  Experimen- 
tally,  the  optic  index  of  refraction  results  are  totally  inde- 
pendent  of  strain  measurements,  each  being  interpreted  by 
different  coefficients  (Table  I).  Thus,  the  qualiutive  and 
quantiutive  agreement  (Figs.  5,  6,  and  7(d)]  for  Pj  and 
Tj  in  the  ferroelectric  systems  measured  here  gives  strong 
support  to  the  interpretation  that  local,  randomly  orien* 
uted  (along  the  dtc  axis)  polaruation  exists  in  these  crysj 
tals  far  above  Similar  agreement  was  found  previously. 
We  note,  however,  that  the  agreement  of  the  An  and  Ajc 
measurements  results  from  general  symmetry  consider¬ 
ations  and  not  from  any  detailed  microscopic  model.  The 
fact  that  we  expect  An  cc.  and  Ax  «  comes  from  the 
expecution  that  the  high-temperature  phase  can  be  treated 
as  centrosymmetric  and  any  polarization  (local  or  macro¬ 
scopic)  can  be  treated  as  an  expansion  about  /*  =  0.  Thus, 
the  first  term  in  an  expansion  will  be  a  term. 

Discussion  of  these  and  similar  results  in  related  ma¬ 
terials  has  been  reviewed.*  Basically  the  effects  have  been 
discussed  in  terms  of  two  microscopic  models.  Smolen- 
skii'^  has  emphasized  compositional  fluctuations  with  a  di¬ 
mension  ~  1  ;im  in  order  to  understand  these  materials. 
On  the  other  hand.  Bums  et  a/.*-'*  *’  have  emphasized 
compositional  fluctuations  on  the  scale  of  the  dimension  of 
a  unit  cell,  and  using  these  ideas,  some  of  these  types  of 
results  can  be  significantly  understood  with  fluctuaiioM  on 
this  ( -4  A)  scale.'*  ”  Work  by  Setter  and  Cross'*  '  sup¬ 
port  the  small-scale  fluctuations  idea.  They'*’**  studied 
PblSci/jTai/ilO,  and  varied  the  degree  of  order  on  the  B 
site  (Sc*"^  and  Ta’"^ )  to  obtain  sharp  or  diffuse  phase 
transitions  by  annealing  and  quenching  the  crystals.  Since 
in  their  work  the  B  site  ions  would  be  expected  to  difiuse  a 
distance  of  only  one  or  two  unit  celts,  their  results  support 
the  ideas  of  Bums  et  al. 

It  was  suggested  that  dynamic  polarization  fluctua¬ 
tions  in  normal  nonglassy  uniaxial  ferroelectrics  will  exist 


above  T^m* general  property.**  One  can  therefore,  expect 
some  poturbadona  to  properties  related  to  F3  term.  How¬ 
ever,  here  we  are  considering  a  somewhat  complicated  sit¬ 
uation  as,  for  this  type  of  glassy  polarization  fluctiution 
that  is  the  implication  of  local  chemical  mhomogenetty.  the 
correlated  effective-field  theory  of  ferroelectncity  from 
which  the  nonglassy  type  polarization  fluctuations  are  de- 
termmed  does  not  apply  to  the  system  as  a  whole.  In  tung¬ 
sten  bronze  BSN  solid  solution  family  as  addressed  earlier, 
the  chemical  composition  is  homogeneous  locally  that  al¬ 
lows  the  local  symmetry  to  be  tower  than  the  global  sym¬ 
metry  and  prevents  the  esublishmenc  of  short  range  cor¬ 
relations  in  chains  along  the  mcipient  polar  axis  beyond  the 
di  ension  of  the  local  area.  Sizes  of  these  polar  local  re¬ 
gions  are  such  that  the  onenutions  of  the  polanzation  are 
thermally  reversible.'*  analogous  to  superparamagne- 
tism.'*  The  polarization  fluctuation  depends  on  the  local 
polar  island  dimension  distribution  and  hence  1$  found 
prominent  in  broad  temperature  region  well  above  the  av¬ 
erage  Curie  temperature,  For  T  approaches  to  r^,  a 
polarization  vector  dynamic  freezing-in  model  has  been 
suggested'*  based  upon  the  experimental  evidence  of  the 
temperature  dependence  of  the  electrostrictive  coefficients 
C33  and  <?i3  measured  on  BSN60,*°  as  both  C33  Q\i 
markedly  temperature  dependent  and  approach  zero  near 
Tf  while  Cl  I  is  essentially  independent  of  temperature  to 
Tr 

To  summarize,  in  these  materials  it  appears  that  a  lo¬ 
cal,  nonreversible  polarization  can  appear,  below  a  temper¬ 
ature  Trf  that  is  far  above  the  ferroelectnc  transition  tem¬ 
perature  (r«).  In  the  tungsten  bronze  crystals  discussed 
here,  T4  is  in  the  350-400 ‘C  neighborhood  and  only 
weakly  depending  on  the  particular  composition.  The  sim¬ 
ilarity  of  these  T4  values  probably  is  related  to  the  similar¬ 
ity  of  the  orientation  sizes  of  the  NbO*  octahedra  that  play 
the  fundamental  polarization  role. 
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Abstract 

The  electrical  properties  of  antiferroeleciric  lead 
zirconate(PZ)  with  relaxor  ferroelectric  lead  zinc 
niobate(PZN)  are  studied  from  an  application 
viewpoint  of  the  field-induced  phase  transition  near 
the  morphotropic  phase  boundary.  According  to  the 
addition  of  lanthanum,  the  curie  point  decreased 
with  increasing  lanthanum  up  to  3m/o,  whereas  (or 
AF-FE  boundary  it  increased  with  increasing 
lanthanum.  Over  4m/o  lanthanum,  it  can  be  find 
paraelectric  and  antiterroelectric  region.  The  effect  of 
composition  of  lanthanum  and  temperature  on  the 
dielectric,  pyroelectric  and  P-E  hysteresis  are 
reported. 

I.  Introduction 

Most  of  the  antiferroeleciric  or  ferroelectric  oxide 
ceramics  with  relaxor  are  important  for  piezoelectric, 
pyroelectric  device  application  as  actuators'*^ 
Among  the  vast  range  of  perovskite  structure 
compounds,  solid  solution  compositions  of 
antiferroeleciric  lead  zlrconate(PZ)  with  ferroelectric 
perovskite  give  interesting  piezoelectric  and 
pyroelectric  properties  near  their  antiferroelectric(AF) 
•  (erroelectric(FE)  phase  transition  and  morphotropic 
phase  boundary. 

Lanthanum-modified  lead  zirconale  tilanate(PLZT) 
ceramics  have  interesting  electrooptic  properties. 
Their  electrical  and  structural  properties  were  initially 
reported  by  Heartling  and  Land^. 

In  this  study,  electrical  properties  of  the 
antiterroelectric  lead  zirconate  with  a  retaxor 
ferroelectric  lead  zinc  niobale  with  composition  of 
MPB.  0.9Z9PbZr03-0.071  PbfZrj/gNbg/alOj.  were 
investigated  to  the  dependence  of  the  change  of 
lanthanum,  PZZN-Lx  (1x5). 

II.  Experimental  Procedure. 

1 .  Ceramic  preparation. 

Ceramics  were  prepared  by  conventional  sintering 
tecirnique  used  by  reagent  grade  oxide  powders  of 
PbO,  LajOg  ZrOg.  ZnO.  and  NbaOg  as  a  raw 
materials.  To  compensate  for  the  PbO  loss  during 
firing,  2w/o  excess  PbO  was  added. 
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After  mixing  in  ball  milling  with  alcohol  (or  12-14hr. 
the  powders  were  calcined  al  800‘C  for  thr  Calcined 
powders  were  ground,  and  mixed  with  3w/o  of  PVA 
binder,  and  were  pressed  into  disk  t2mm  in  diameter 
for  cutting  for  tire  desired  shape,  and  about  1  mm  in 
thickness.  The  binder  was  evaporated  during  a 
double  steps  heal  treatment  at  300'C  for  2hr  and 
500’C  for  2hr®.  Pressed  disks  were  sintered  at 

1250’C  (or  Itir  in  PbO  atmosphere  with  PbO  Zr02 
source  powder 

Alter  sintering,  ceramics  were  alternalively  cut  and 
polished,  and  were  coated  with  sputtered  gold 
electrode  for  electrical  measurements 

2.  Electrical  measuremenis. 

The  dielectric  constants  were  measured  at 
frequencies  of  100Hz,  IKHz,  lOKHz,  and  lOOKHz 
over  a  lemperalure  range  of  -80  C  -  240'C  by  using 
an  automated  dielectric  measurement  system  with  a 
multi  frequency  LCR  meter  and  a  desktop  computer. 

A  modified  Sawyer-Towe  circuit  was  used  to 
recorded  the  P-E  hysteresis  behavior  of  fire  s  ,>mples 
at  a  various  temperatures^.  The  electric  lield  was 
measured  by  ttie  X-axis  of  the  oscilloscope,  and 
polarization  ol  lire  sample  was  measured  by  the  Y- 
axis. 

The  pyroelectric  properties  were  investigated  with 
lire  Byer-Roundy  method^.  To  measure  the 
pyroelectric  properties,  one  side  ol  the  circular 
sample  of  thickness  over  0.2mm  was  eleciroded  by 
gold  sputtering.  On  otherside.  a  5mm  circular  spot 
electrode  was  sputtered  through  a  mask. 

Specimens  lor  the  pyroelectric  properly  were  poled 
by  dynamic  method  in  air  oven  with  an  electric  field 
30KV/cm  at  185'C. 

The  pyroelectric  and  P-E  trysleresis  measuremenis 
were  carried  oul  to  determine  the  saturate 
polarization,  remanent  polarization,  coercive  lield, 
the  depolarization  temperature,  and  phase  transition. 

III.  Results  and  Discussion. 

Figure  1  is  the  plot  ot  the  phase  relations  of  the 
PZZN  ceramics.  It  was  based  on  the  dielectric 
measurement,  pyroelectric  measurement,  and  P-E 
hysteresis  measurement.  According  to  the  these 
measurements,  it  can  be  divided  four  regions.  Those 
are  paraelectric,  ferroelectric-HT.  ferroelectric-LT.  and 
antiterroelectric  region.  The  phase  boundary  ol  high 
temperature  ferroelectric  phase-low  temperature 
ferroelectric  phase  at  -60'C  was  determined  by 
dielectric  measurement.  The  boundary  of 
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(erroelecUic  -  antilerroelectric  for  the  PZZN  930  -  935 
was  located  at  70  C  -  80'C  and  for  the  PZZN  925  - 
928  was  -5'C  -  -15'C.  For  Itie  room  temperature,  it 
was  divided  by  PZZN  928  -  930  wilh  the  targe 
ctrange  of  tfie  slope.  This  feature  nrearis  that  it  can 
be  swilcfi  llie  ptiase  from  an  antiferroelecltic  stale  to 
ferroelectric  stale  at  the  small  cliange  of  temperature 
near  the  PZZN  928  -  930  at  the  room  temperature. 

Figure  2  was  SEM  ptiolographs  of  PZZN-LO  and 
PZZN-L3.  They  strow  a  dense  and  uniform  grain  size 
in  Itie  sintered  samples.  The  samples  were  tliermally 
etched  at  1200'C  lor  30rnin  and  lire  average  grain 
size  of  PZZN-LO  and  PZZN-L3  were  4pm  and  2pm, 
respectively. 


Phase  diagram  of 

PbZrOj -PbtZnuaNbj/jtOj  systeirr. 

Fig.  1 .  Phase  relations  of  the  PZZN  solid  solution  system  at 
the  AF-FE  phase  boundary. 


Figure  3  shows  the  temperature  dependence  ol  the 
dielectric  constants  for  PZZN-LO  and  PZZN  L2  during 
the  cooling.  The  dielectric  constant  ol  PZZN-LO 
increased  to  peak  value  ol  9000  at  the  transition 
temperature,  Tc-219'C  The  dielectric  constant  ol  the 
PZZN-L2  show  ati''malies  behavior  at  70'C  and  Tc 
was  204’C.  Tfri''-  -iromafies  between  the  phase 
boundary  between  the  anlilerroelelctrric  phase(AF) 
and  the  lerroeleciric  phase(FE).  Over  the  transition 
temperalure,  the  lerroeleciric  phases  were  changed 
to  pataeleciric  phase. 

Figure  4  shows  the  temperatures  dependence  of  the 
dielectric  constants  lor  PZZN-L  series.  The  transition 
temperature  ol  PZZN-L3  was  184'C.  but  Tc  was 
increased  with  the  increasing  ol  the  amount  ol 
lanthanum*.  In  case  ol  PZZN-L9,  Tc  was  235'C 

Figure  5  shows  the  temperature  dependence  ol 
the  pyroelectric  coefficient  and  the  remanent 
polarization  ol  PZZN-LO  and  PZZN-L2.  The 
measurements  to  find  the  phase  boundary 


Fig  2.  SEM  photograph  of  the  surfaces  of  the  PZZN- 
L0(a),  and  PZZN-L  2fb)  ceramics 
The  surfaces  were  thermally  etched  at  1200  C 
for  30min  (bar»1pm) 


(a) 


(b) 

Fig  3.  Temperature  dependence  ol  the  dielectric  constants 
tor  PZZN-LO(a)  and  PZZN-L2(b)  showing  Tc 
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(a)  (b) 


(C)  (“) 


Fig.  4.  Temperature  dependence  o)  the  dielectric  constants 
for  PZ2N-L3(a),  PZZN-L4(b).  PZZN-L6(c).  and 
PZZN-L9(d)  shov.ing  Tg 

composition  were  made  during  the  heating  cycle  with 
a  typical  heating  rate  of  4'C/min.  In  the  pyroelectric 
coefficient  of  the  PZZN-LO  and  PZZN-L2.  two 
pyroelectric  peaks  corresponding  to  orthorhombic-lo- 
rhombohedral  and  cubic-to-rhombohedral  are  clearly 
observed  at  80’C  and  204‘C,  respectively. 

The  hysteresis  nature  was  investigated  usirtg  a 
modified  Sawyer-Towe  circuit  applying  an  ac  field  of 
about  30KV/cm.  Figure  6  shows  the  P-E  hysteresis 
loops  observed  for  P2ZN-L  ceramics  at  a  various 
temperatures.  The  samples  of  the  PZZN-LO  shows 
the  ferroelectric  behavior  and  increase  the  coercive 
field,  Ec,  and  the  remanent  polarization, Pr.  according 
to  the  increasing  amount  of  the  lanthanum.  The 
ferroelectric  of  the  PZZN-L  system  was  highly 
sensitive  to  composition  and  temperature.  Pr  reaches 
a  maximum  value  of  SOpC/cm®  at  PZZN-L2.  In  the 
PZZN-L3,  it  could  find  hysteresis  loop  at  145'C  It 
meant  that  an  antiferroelectric  phase  can  be  forced 
into  a  field-induced  ferroelectric  phase  with  the 
remanent  polarization  and  the  field-induced 
ferroelectric  state  is  expected  to  remain  stable  even 
after  the  electric  field  is  removed.  According  to  the 
hysteresis,  it  shows  AF-FE  boundary  Is  located 
between  PZZN-LO  and  PZZN-L2  at  80  C,  but 
between  PZ2N-L2  and  PZZN-L3,  boundary  is  f45'C. 

Figure  7  is  the  plot  of  fhe  phase  relations  of  the 
PZZN-L  solid  solution  system.  It  was  based  on  the 
dielectric  measurement,  pyroelectric  measurement, 
and  P-E  hysteresis  measurement.  According  to  the 
these  measurements,  it  can  be  divided  three  regions. 
Those  are  paraelectric,  ferroelectric,  and 
antiferroelectric  region.  The  phase  boundary  lor 
PZZN-LO  -  PZZN-L2  was  located  at  80’C  and  for  the 
PZZN-L3  was  t45’C.  Over  the  PZZN-L4,  there  are 
antiferroelectric  and  paraelectric  phases. 


(a) 


Fig.  5.  Temperature  dependence  of  pyroeieclrtc 

coetficieni(p)  and  polarozation(Pr)  ol  PZZN-L 
ceramics; 


(a)  PZZN  LO  (b)  PZZN-L2 


S!  3*  :  .'ST  Is  sp  :  .1 

(b)  (c| 


Fig.  6.  D-E  hysteresis  loops  of  PZZN-L  ceramics  at 
various  lomperalure  showing  ferroelectric. 

(a)  PZZN-LO.  Ec»  15.9  KV/cm.  Pr-ZI.ZuC/cm* 

(b)  PZZN-L I.Eco  7.3KV/cm.  Pr-24.5pC/cm* 

(c)  PZZN-L2.  Ec-  5.98KV/cm,  Pr-30.6pC/cm» 
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Direct  Measurement  Technique  and  Application  to 
a  NSEC  Response  Time  Detector",  Ferroetectrics, 
3  333-338  (1972) 

C  WV. A. Schulze.  T.G, Milter,  and  J.V.Biggers, 
Solubility  Limit  ol  La  in  the  Lead  Zirconate- 
filanate  System",  J.Am.Ceram.Soc  ,  58  11-2] 
21-23  (1975). 


Fig.  7.  Phase  relations  ol  the  PZZN  L  solid  solution 
system. 


iV.  Conclusion 

1)  II  could  be  divided  three  regions: 
paraelectric.  lerroeleciric.  and 
aniiferroelectric  region 

2)  The  curie  temperature  decreased  with 
increasing  lanthanum  up  to  3m/o. 
whereas  (or  AF-FE  boundary  it  increased 
with  increasing  lanthanum. 

3)  Over  4m/o  lanthanum,  it  can  be  find 
paraelectric  and  antiferroelectric  region. 
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ABSTRACT 

Large  pyroelectric  figures  of  merit,  Fy  and  F[,  have  been 
found  in  the  solid  solution  x  PbZrO,  (PZ]  -  y  Pb(Zn,^Nbj^)0, 
(PZN)  -  z  PbTiO,  [PT]  (PZNT).  Previous  work  within  this 
system  has  also  shown  a  DC  field  induced  fcaoelcctric- 
antiferroclcctric  transition.  This  paper  will  further  explore  the 
electrical  field  dependence  of  the  elastic  constant  (s,,e). 
piezoelectric  coefficient  (d,,)  and  dielecuic  constant  (K„)  near 
this  phase  transition. 

INTRODUCTION 

As  sensor  and  transducer  technology  advances  there  is 
an  increasing  need  for  smart  materials.  When  evaluating 
materials  for  smart  applications,  the  weak  field  dependence  of 
the  dielectric  and  piezoelectric  constants  can  be  effective 
guides.  Earlier  studies  in  solid  solution  sy..em  of  the  relaxor 
ferroelectric  PMN  and  the  ferroelectric  PT  have  shown  strong 
weak  field  induced  piezoelectric  effect.  Antiferroeleciric 
materials  have  also  been  shown  to  exhibit  this  desired  non¬ 
linear  response.  It  was  for  this  reason  that  the  soiid  solution  of 
the  fenoeleclric  PT.  and  antiferroelecuic  PZ  and  relaxor  PZN 
has  been  chosen  to  be  explored  for  possible  use  as  a  smart 
sensor  material  under  weak  DC  fields. 

Solid  solutions  containing  PZ  have  be  widely  studied  in 
the  past  due  to  the  antifcrroelectric  (AF)  to  ferroelectric  (FEJ 
phase  transition  and  the  existence  of  morphotropic  phase 
boundaries.  The  system  PZZN  combines  PZ  with  PZN.  This 
system  has  been  shown  to  possess  a  room  temperature 
orthorhombic  AF  to  rhombohcdral  FE  phase  boundary  a  x  - 
93%  PZ  This  system  looks  promising  for  piezoelectric  and 
pyroelectric  applications  with  Fv  =  0.3lxl0'J0  C  cm/J  and 
=  0.35xI0'8  Cem/J,  low  coercive  fields  of  8  to  10  kV/cm, 
large  piezoelectric  coupling  coefficients  such  as  k,5-.‘i0%  and 
remanent  polarizations  on  the  order  of  25  to  30  pC/cm^. 


This  paper  will  explore  the  dielecuic  and  room 
temperature  piezoelectric  properties  of  PZNT  and  PZZN 
compositions  near  the  MPB.  Fore  the  rest  of  this  paper  the 
PZNTfx/z)  compositions  with  z  =  0  mot%  PT  will  be  referred 
to  as  PZZN(x), 


Figure  I ;  PZZN  phase  diagram 


EXPERIMENTAL  PROCEDURES 

Ceramic  samples  were  prepared  by  the  normal  ceramic 
mixed  oxide  techniques.  Samples  were  then  thinned  tutd 
poli..hed  to  a  1-pun  Diamond  finish  and  gold  sputtered 
electrodes  applied.  Room  temperature  polarization  versus 
electric  field  hysteresis  loops  were  then  studied  at  10  Hz  using 
a  modified  Sawyer-Tower  circuit.  A  silicone  oil  bath  was  used 
to  prevent  electrical  breakdown  during  these  experiments 


CH3080-0-7803-0465-9A»253.00  ©lEEF. 
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The  tcmperaiure  dependence  of  ihe  dielectric  constant 
was  measured  at  various  frequencies  in  a  leinperature  range 
from  -lOOOC  to  250OC  using  a  computer  controlled 
measurement  system  consisting  of  a  nmlttfrequency  LCR 
meter  (HP4274A.  Kcwlett  Packard  Co  ),  desktop  computer 
OfP  9816)  and  niuogen  fed  furnace  Vaiious  DC  bias  voltages 
were  then  applied  to  the  sample  by  an  estein.il  jwwcr  supply. 

For  resonance  mcasuiements  the  samples  weie  piepared 
as  long,  thin  bars  with  typical  dimensions  ot  20  x  2  x  0.2  mm 
Specimens  were  {wlished  thin  so  as  to  allow  the  application  of 
Helds  between  15  and  20  kV/cm  with  600  Volts  or  less  1  hese 
bars  were  then  poled  at  15  kV/cm  for  ten  minutes  at  IOO«C  in  a 
stirred  silicone  oil  bath.  All  resonance  measurements  were 
made  using  an  HP  4192A  Impedance  Analyzer. 


10 


Since  this  equation  is  for  an  ideal  resonator  the  piezoele^^ 
coefficients  are  assumed  to  be  complex  quantities  i.e„ 


*11  =  s'li  +  i*"i. 

(2) 

d„  =  d„  +  jd-,, 

(3) 

t),  =  £'jj 

H) 

Tlic  complex  admittance  equation  is  then  solved  by  (he  mcUtoi 

described  by  Siiiits  and  latter  by  Damjanovic. 

^his  method 

involves  an  iterative  calculauon  using  an  iniual  guess  of  iht 
elastic  constant  and  three  values  of  the  admittance  ne»i 
resonance. 


iiirJgr  _  ■  J  un  iorf  (  p»*)' 


(1) 


where; 


width,  p  =  density,  t  =  thickness, 
to  =  frequency  and  I  =  length 


RESULTS 


tl)  Hysteresis. 


A  summary  of  hysteresis  data  can  be  found  in  figure  ] 
this  shows  the  room  tcmperaiure  AF  -  FE  transition  occurs 
between  compositions  (93. 2A))  and  (92A)>.  U  also  shows  ihar 
the  remanent  polarization  increases  with  increasing  molS(  PT 
for  example  tlie  net  remanent  polaiizaiion  increases  from  0  i 
30  to  38  pC/cm^  as  the  composition  of  PT  is  increased  in  the 
scries  (93.5/0).  (93.5/2.6)  to  (93.5/3  9).  Uw  coercive  fields  o.. 
die  order  of  10  kV/cm  have  also  been  found  in  Ml  tin 
compositions  measured.  It  is  also  interesung  to  note  ihai 
increasing  the  concentration  of  PZN  enhances  Ihe  “squareness* 
of  the  Hysveitsis  loop  (not  shown  here)  which  may  have 
several  device  applications. 


Flfnire  2!  Room  Tcmperaiure  nZKI  pliixe  Jiagram. 

The  calculation  of  the  real  and  complex  compliance,  s,,. 
piezociccuic  coefficient.  d„.  dielectric  constant.  E„.  and 
coupling  cocrficient,  k„  was  made  using  the  equation  for  the 
admittance  of  a  bar  resonator  (1). 


Flcurc  3:  Roum  lemperaiure  temnari  polanMioo  cUi*  «hi<e 

t  he  .me  ma.cies  uTioom  mmpe.amrt  „uten^me  «.  te««Vec«K 

boundary  (i*oiol%  FT) 
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(2)  Dielectric  Study: 

Figure  5  shows  the  average  maximum  dielectric 
constant  at  the  Curie  temperature  (Tc)  from  heating  and 
cooling  cycles  as  a  function  of  mol%  PZ.  Maximum  dielectric 
constant  decreases  as  the  concentration  of  PZN  is  increased. 
/Clso.  as  expected,  increasing  the  concentration  of  PT  increases 
the  maximum  dielectric  constant  at  Tc  The  variation  in  Tc 
vuith  mol%  PZ  can  be  seen  in  figure  4  This,  for  example, 
^hows  an  increase  of  10®C  between  PZNT(93, 5/2.6)  and  PZNT 
(93.5/3.9)  which  is  an  increase  in  PT  of  1  3  mol% 


220  ' - - - - - - L_ _ ^ .  I 

95  94  93  92  91 

moirb  PZ 

Figure  4:  Average  Tc  ai  IcHr.  Supcrscripis  indicate  the  applied  Was  in 
kV/cm.  (7=fnol'^l’T) 


The  influence  of  DC  bias  is  also  demonstrated  in  figures 
4  and  5.  The  average  dielectric  constant  at  Tc  for  PZNT 
(93.5/2.6)  can  be  seen  to  increase  from  234  at  0  kV/cm  to  238 
at  6  kV/cm.  The  bias  field  also  causes  a  shift  in  Tc  which  can 
be  seen  in  figure  4.  This  shows  the  increase  in  Tc  for  various 
compositions  in  the  PZNT  as  the  bias  field  on  each  sample  is 
increased. 

The  dielectric  constant  has  beer  found  to  have  only  a 
minute  dependence  on  frequency.  However,  it  has  a  thermal 
hysteresis  when  comparing  healing  and  cooling  cycles, 
especially  at  the  lower  temperature  FE-FE  transition  (figure  6). 


Temperature  (°C) 

Figure  6:  Dielecuic  cunsiani  for  PZZN-93  5  measured  at  I  kHt  with  an 
no  applied  Was  Note  the  large  ihermaJ  hysteresis  in  the  lower 
temperature  AF-FE  phase  uansisiion 
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Figure  5;  Average  maximum  dielectric  constant  at  measured  a  1  kHr. 
Supersenpts  indicate  applied  Was  in  kV/cm  (z=mol%PT) 
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Figure  7:  Dielectric  constant  for  PZ2N-93.S  measured  at  l  kHr  with  an 
applied  t»as  of  0  kV/cm  and  6  kV/cm 


(3)  Piezoelectric  Study. 


Figures  8  and  9  show  the  dependence  of  the  room 
temperature  real  piezoelectric  coefficieni.  d'n.  and  elastic 
coefficient,  s'n,  on  the  applied  electric  field.  The  zero  field  dj, 
coefficient  was  measured  using  a  Berlincourl  dn  meter  and 
was  found  to  be  approximately  50  to  60  pC/N  for  all  samples 
just  after  poling,  d',,  and  d'  »i  both  show  approximately  linear 
behavior  even  in  the  room  temperature  AF  compositions.  This 
could  be  due  to  a  field  forced  AF-FE  transition  during  the 
poling  process,  which  was  conduced  at  -I00°C  with  15  kV/cm 
applied  for  10  minutes  then  cooled,  with  the  field  still  applied, 
to  25”C.  It  is  interesting  to  compare  figure  4  and  figure  8. 
PZZN(93.5)  when  poled  at  room  temperature  is  not  FE.  as 
indicated  in  figure  4.  However,  when  poled  at  I00°C  (figure 
8)  the  sample  is  FE.  This  seems  to  be  clear  evidence  that  the 
FE  phase  is  metastable  at  room  temperature  in  the 
antiferroelectric  compositions. 
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Figure  10:  Real  piezoelectnc  coefficient,  d'ji.  as  a  funcUon  of  moia 
I’Z.  This  indicates  the  room  temperature  AF-FE  phase  txxindaiy  is 
between  x=93.(Mt  and  x=  91.2%  PZ. 


To  determine  the  position  of  the  AP-FE  boundary  above 
room  temperature  the  samples  were  themaaily  depoled  and  then 
poled  vanous  temperatures.  After  the  samples  were  poled  their 
resonant  behavior  was  observed,  if  none  was  found  the  process 
was  repealed  at  a  slightly  higher  temperature.  By  this  method 
the  AF-FE  boundary  was  located. 


Figure  8:  Real  piezoelectric  coetncieni.  d'31 .  as  a  funciion  of  electrical 
bias  field  for  various  PZNT  compositions.  (All  samples  poled  at  |(it>0C.) 
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Figure  9:  Real  ela.stic  coerfictent,  s’n.  as  a  function  of  electrical  bias 
field  for  vanous  PZNT  composiuuns. 
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The  coupling  coefficient  kji  shows  a  slight  increase  for 
the  compositions  studied.  The  response  is  still,  however,  quite 
linear  with  values  between  2%  and  8%.  Dielectric  and 
piezoelectric  loss  were  found  to  be  between  2%  and  105t 
Mechanical  loss  was  independent  of  field  with  a  value  of  0.3% 
to  0.5%. 

Measurements  were  completed  on  PZZN  compositions 
of  X  =  92.5.  92  8.  93.0.  93.2.  and  93.5  mol%  PZ.  From  a 
combination  of  these  data  the  phase  diagram  of  the  PZZN 
system  has  been  refined.  This  diagram  (figure  II)  pinpoints 
the  AF-FE  phase  transition  at  room  temperature  to  be  between 
PZZN(93.2)  and  PZZN(93.0).  The  paraelectric  and 
ferroelectric  low  to  high  temperature  phase  transition 
temperature  dau  was  obtained  from  dielectric  anomalies  and 
averaged  between  heating  and  cooling  cycles  of  5®C/min 
Resonance  and  hysteresis  data  was  then  used  to  determine  the 
AF-FE  boundary. 
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moI%  PZ 

Figure  1 1 :  Expenmemally  detennined  PZZN  phase  diagram 


CONCLUSIONS 

Various  compositions  in  the  PZNT  system  have  been 
studied  :o  Hiid  their  weak  field  piezoelectric  and  dielectric 
response  at  room  temperature.  Some  of  the  conclusions  that 
ttave  been  made  are; 

(a)  Hysteresis  results  indicate  that  the  location  of  the  AF-FE 
boundary  is  between  x  =  92.8%  and  x  =  93.2%  PZ.  Large 
values  of  Pf  (-30  tiC/cm^)  and  low  values  of  Eq  (-10  kV/cm) 
for  X  <  92.8%  PZ  have  been  obtained.  Also,  with  decreasing 
PZ  concentrations  hysteresis  loops  become  increasingly  square 
in  nature. 

tb)  Room  temperature  dielectric  constants  near  230  have  been 
measured  and  can  be  altered  with  suitable  compositional 
adjusunents.  Large  hysteresis  in  heating  and  cooling  cycles 
has  been  displayed,  especially  in  the  low  to  high  temperature 
rhombohedral  phase  transition.  Curie  temperatures  near  225®C 
have  been  found  to  decrease  with  both  increasing  bias  Held  and 
increasing  concentrations  of  PT. 

(c)  Piezoelectric  coefficient  d ,,  at  25°C  was  found  to  be 
approximately  -10  pC/N  and  linear  with  electrical  bias  fields  of 
up  to  15  kV/cm.  The  real  elastic  coefficient  s’n  was  found  to 
be  -8  5x10' 10  m^/N  and  constant  for  electric  bias  fields  of  up 
to  20  kV/cm.  The  piezoelecuic  coupling  coefficient  k]|  was 
found  to  be  between  2%  and  8% 


(d)  The  PZZN  phase  diagram  has  been  refined  to  show  the 
AF-FE  boundary  at  room  temperature  to  be  between 
PZZN(93.2)  and  PZZN(93.0).  Also,  after  poling  at  elevated 
temperature,  the  ferroelectric  phase  has  been  shown  to  be 
suble  when  cooled  to  room  temperature. 
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A  inelliud  is  introduced  to  delennine  llic  statistical  distributtoii  ol  tticigetically  degenerate  but  geomcttically  in- 
eqtiivalenl  states  in  a  temperature  induced  phase  Iransitiun  in  solids.  The  method  has  been  employed  to  calculate  the 
ratio  of  the  rhombohedral  and  tetragonal  phases  in  the  PbiZr.Ti,. ,  )0,  solid  solution  of  the  morphotropic  phase  bound¬ 
ary  (MPB)  composition,  Out  results  indicate  that  the  MPB  determined  by  Jaffc.  Cook  and  3afTe  1  Piezoelectric  Ceramics 
(Academic  Press,  London.  1971)  p.  I36|  from  structural  measurements  should  be  shifted  to  the  rhombohedral  side, 
sshich  is  more  consistent  with  the  MPB  determined  from  dielectric  measurements. 

KEYWORDS:  ferroelectric  ceramic,  PZT,  lead  zirconate  titanate.  morphotropic  phase  boundary 


A  phase  diagram  representing  the  subsolidus  phase 
relations  in  the  system  PbZrO>-PbTiO»  taken  from  (he 
book  by  Jaffe,  Cook  and  JafTe"  is  given  in  Fig.  1.  The 
system  contains  the  well  known  solid  solution  series 
Pb(ZrvTii-v)03  (PZT)  which  e.xhibits  a  variety  of  phase 
changes.  In  this  system  the  most  interesting  compositions 
are  for  those  on  or  near  the  so-called  morphotropic 
phase  boundary  (MPB)  (see  the  nearly  vertical  line  on 
Fig.  I).  PZTs  in  this  compositional  region  have  superior 
piezoelectric  properties  and  are  the  primary  materials  cur¬ 
rently  used  in  most  piezoelectric  transducers  and  ac¬ 
tuators.  As  shown  in  Fig.  1  the  ferroelectric  phase  is 
rhombohedral  on  the  left-hand  side  and  tetragonal  on 
the  right-hand  side  of  the  MPB  line,  respectively  (note: 
there  should  be  a  co-existence  region  of  the  two  phases 
which  is  not  shown  in  this  phase  diagram).  The  MPB  in 
Fig.  1  as  quoted  from  the  book  (Jaffe,  Cook  and  JalTe,  p. 
136)  “is  considered  as  that  composition  where  the  two 
phases  are  present  in  equal  quantity”. 

The  MPB  drawn  on  a  phase  diagram  is  a  composi- 


Fig,  I,  Phase  diagram  of  Pb(Zr,Ti| .  .0,1  lafier  Jalfc.  Cook  and 
jcfle.  ref.  1), 


tional  boundary  which  is  defined  as  the  composition  for 
which  the  free  energies  of  two  adjacent  phases  are  equal. 
From  thermodynamics,  the  free  energy  of  a  solid  solu¬ 
tion  system  depends  on  the  following  variables:  tempera¬ 
ture,  pressure  and  composition.  The  compositional 
variable  in  the  PZT  case  has  a  special  property,  it  can 
only  be  directly  accessed  in  certain  temperature  range. 
Out  of  that  temperature  range,  the  compositional 
variable  can  not  be  changed  while  keeping  other  variables 
fixed,  as  we  know  that  a  PZT  solid  solution  can  not  be 
formed  at  room  temperature.  In  order  to  change  the  com¬ 
position  at  room  temperature,  one  has  to  first  heat  up  the 
.system  so  that  a  single  phase  solid  solution  can  be 
formed,  then  cool  the  system  back  down  to  room  temper¬ 
ature  after  the  new  composition  is  formed.  This  special 
property  of  the  compositional  variable  prevents  direct 
thermodynamic  analysis  with  this  variable,  and  hence  in¬ 
validates  the  transition  hysteresis  argument^’  in  the  ex¬ 
planation  of  the  coexistence  of  two  phases.  Although  the 
phase  transition  from  the  rhombohedral  structure  to  the 
tetragonal  structure  must  be  of  first  order,  it  can  not  be 
realized  while  keeping  the  temperature  unchanged, 
because  the  composition  is  not  a  directly  accessible  ther¬ 
modynamic  variable  below  a  certain  temperature  limit. 
This  is  to  say  that  we  should  address  the  temperature  in¬ 
duced  transition  process  in  order  to  understand  the 
effects  of  changing  composition  below  a  certain  tempera¬ 
ture  limit. 

There  are  two  types  of  phase  mixing:  one  is  'he  mixing 
of  phases  of  different  chemical  compositions  and  the 
other  is  the  mixing  of  phases  with  different  structures  but 
identical  chemical  compositon.  At  a  first  glance,  it  ap¬ 
pears  that  the  two  problems  seem  to  be  similar,  but  they 
actually  have  quite  different  nature.  The  former  reflects 
the  law  of  mass  conservation  (obeying  the  lever  rule),  but 
the  latter  is  actually  a  statistical  distribution  problem.  It 
is  the  intention  of  this  paper  to  provide  a  simple  method 
dealing  with  the  latter  case. 

From  thermodynamic  analyses,  it  is  shown  that  the 
paraelectric-ferroelectric  transition  for  compositions 
near  the  MPB  is  of  second  order  within  the  experimental 
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error,”  we  therefore  expect  strong  thermal  lluctuations  to 
occur  near  the  transition  temperature  T,.  This  thermal 
nuciuation  is  the  sole  driving  force  for  the  phase  transi¬ 
tion.  For  convenience  we  will  work  in  the  order 
parameter  space.  When  the  system  is  cooled  down  near 
T,  from  the  paraelectric  phase,  the  magnitude  of  the  ther¬ 
mal  induced  instant  polarization  IP,,,,, I  increases  as  the 
potential  well  around  P=0  becomes  flatter  and  flatter. 
Below  r,,  the  fluctuation  is  gradually  frozen  and  the 
system  acquires  a  new  configuratiotial  state  with  a  finite 
polarization.  In  a  second  order  phase  transition  the  tran¬ 
sition  process  happens  in  a  continuous  fashion;  but  in  a 
first  order  phase  tratisitioti,  a  finite  spontaneous  polariza¬ 
tion  is  obtained  at  the  phase  transition.  The  two  cases  arc 
illustrated  in  Fig.  2  for  a  one-dimensional  system,  where 
the  shaded  area  represents  the  level  of  thermal  energy.  In 
a  one-dimensional  system  the  number  of  allowed  (two) 
orientations  of  the  instant  polarization  is  the  same  as  that 
of  the  spontaneous  polarization.  But  in  two-  and  three- 
dimensional  systems,  there  arc  no  orientational  con¬ 
straints  for  thermal  fluctuation  (determined  by  the  dimen¬ 
sionality  of  the  problem  only)  although  the  magnitude  of 
P,m  is  regulated  by  the  potential  well  around  the  origin. 
Flowever,  tlie  allowed  orientatiotis  for  tlic  spontaneous 
polarization  P„  are  limited.  The  thick  line  and  the  solid 
dots  in  Fig.  3  illustrated  this  situation  for  a  two-dimen¬ 
sional  problem  representing  a  square  to  rectangular  fer¬ 
roelectric  phase  transition.  There  are  no  orientational 

T  slightly  >  Tj  T  slightly  <  Tj  T  well  below  Tg 


Second  order 
Tronsition 


First  order 
Tronsition 


Fig.  2.  Illiistraiiun  of  the  poicniial  wetiv  and  thermal  tlucluaiions 
near  llie  criiical  lemperalure  T  for  both  second  and  lirsi  order  phase 
Iraii.diions  in  one  dinieiisioii,  Tlie  shidtu  afa'  repr,:.cm  liicttiio! 
energy. 


t  ig.  3.  Rcprcsenlaiiim  of  lliictuaiiiig  Male  and  the  ferroctcciric  states 
in  order  parameter  space  for  a  two-dimensional  problem,  la)  Tlie 
thick  and  the  thin  hues  are  the  profiles  lor  the  polarization  fluctua¬ 
tions  of  Ihc  sqiiare-rcclangul.ar  and  square-oblique  phase  iransilions. 
respectively,  near  T,  (b)  The  solid  dots  are  the  degenerated  rec¬ 
tangular  ferroclcclric  stales  and  the  open  circles  are  the  degenerated 
oblique  ferroelectric  stales,  respectively,  well  below  7",. 


consirainis  for  in  tlie  lluciuaiing  slate  Ipiofile  is 
represented  by  the  Iliick  line  in  Fig.  3ta)l  but  only  four 
orientations  for  P„  (solid  dot.s  in  Fig.  3(b)}  are  allowed 
well  below  T^. 

The  question  we  try  to  address  in  this  paper  is;  wh  s 
the  probability  p,  for  the  system  in  Fig.  3(a)  to  become 
the  /111  low  symmetry  ferroelectric  slates  in  I  ig.  3(b)?  For 
the  two-dimensional  problem  mentioned  above,  the 
answer  p,—  ]/4  may  be  obtained  intuitively  since  the  four 
low-temperature  rectangle  stales  are  completely 
equivalent,  i.e.,  these  states  arc  energetically  degenerate 
and  structural'y  identical.  But  in  more  general  situations, 
intuition  fails  to  provide  an  answer,  lor  instance,  the  case 
shown  in  Fig.  3  where  the  energetically  degenerated  rec¬ 
tangle  (solid  dots)  and  the  oblique  (open  circle)  states  are 
structurally  dilferent.  In  this  case  we  need  to  follow  a 
well-defined  mathematical  method  to  calculate  these  pro¬ 
babilities.  Such  a  calculation  is  particularly  useful  for  the 
study  of  PZT  system,  because  at  the  MPB  wc  have  pre¬ 
cisely  such  a  situation,  i.c.,  Ihc  tetragonal  and  rhom- 
bohcdral  phases  arc  energetically  degenerate. 

It  is  obvious  that  the  probability  calculation  is  only 
meaningful  in  the  fluctuating  state.  After  the  system  be¬ 
ing  frozen  into  one  of  the  low  temperature  states,  ther¬ 
mal  energy  is  no  more  efleclive  to  carry  the  system  from 
one  configuration  to  another.  Our  calculation  is  based  on 
the  following  assumption: 

The  instant  polarization  P,„„  is  urieniationally 
ergotic  in  the  fluctuating  state  near  T, . 

In  other  words,  we  assume  that  the  thermal  motion  has 
no  orientational  preference,  although  as  shown  in  Fig.  3, 
the  magnitude  IP,,,,, I  is  regulated  by  the  potential  con- 
ftguraiion  and  is  a  function  of  direction  and  temperature. 
An  immediate  inference  from  the  assumption  is  that  the 
average  total  polarization  of  the  system  is  zero  in  the  fluc¬ 
tuating  state,  or  more  concisely,  <  p  inM  y —  0  but  <P  in,i  y 
^0. 

Now  we  try  to  correlate  this  thermal  fluctuation  with 
the  transition  probabilities  to  different  structural  phases. 
Ihc  assumption  tells  us  that  the  trigger  from  the  sur¬ 
rounding  thermal  bath  is  isotropic,  but  the  actual  struc¬ 
tural  change  resulting  from  the  trigger  depends  on  the 
potential  energy  configuration.  Because  only  a  few 
isolated  orientations  for  Pn  are  allowed  below  in  the 
order  parameter  space,  we  expect  that  all  P,„„  oriented  in 
the  vicinity  of  an  allowed  polarization  direction  can 
potentially  develop  into  that  final  polarization  state. 
Hence  wc  can  assign  each  allowed  polarization  state  an 
cfTeclivc  solid  angle  B,  in  a  three-dimensional  order 
parameter  space,  the  probability  p,  of  that  state  being 
formed  under  the  trigger  of  thermal  fluciuatton  is 
represented  by  tl, /(4n),  where  4n  is  the  normalization 
constant. 

The  ne.xl  task  is  to  define  the  boundaries  of  the.se  solid 
angles.  Imagine  we  apply  a  small  dc  field  £  to  lift  the 
degeneracy  of  the  system.  Under  this  field  the  system  will 
be  forced  to  develop  into  one  of  the  allowed  low  tempera¬ 
ture  stales  whose  polarization  vector  has  the  smallest 
possible  angle  with  the  applied  electric  field.  If  this  field  is 
applied  to  the  system  from  another  angle,  it  can  either  in- 
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duce  the  same  polarization  state  or  a  diflerent  state  de¬ 
pending  on  whether  or  not  the  field  is  still  oriented  inside 
the  effective  solid  angle  of  that  state.  Considering  at  a 
temperature  slightly  below  r,,  there  are  two  adjacent 
energetically  degenerate  states  represented  by  and 
respectively,  in  the  order  parameter  space  (P.,  and  Ph 
form  an  angle  0),  the  boundary  of  the  two  clicctivc  solid 
angles  for  these  polarization  states  may  be  defined  by 

£  P,=£  Ph  (1) 

Taking  the  coordinate  systems  as  shown  in  Fig.  4  we  can 
write  eq.  (I)  in  the  following  form, 

P,cos0  =PbCOs(0-<i)).  (2) 

Interestingly,  the  magnitude  of  the  electric  field  has  drop¬ 
ped  out  in  eq.  (2),  hence  if  we  take  the  limit  £-»0,  the 
result  in  eq.  (2)  will  still  hold. 

in  reality,  the  problems  of  interest  are  those  cases  for 
which  Pa  =  Pb.  therefore,  eq.  (2)  can  be  further  simplified 
to 


(3) 


Equation  (3)  states  that  the  boundary  of  two  effective 
solid  angles  is  a  plane  in  the  order  parameter  space  pass¬ 
ing  through  the  bisector  of  the  angle  </'  and  perpendicular 
to  the  plane  containing  P„  and  Ph,  If  there  exist  more 
than  two  degenerate  states,  a  boundary  may  be  defined 
for  each  pair  of  adjacent  effective  solid  angles  using  eqs. 
(2)  or  (3). 

After  the  boundaries  are  defined,  the  remaining  task 
becomes  straightforward.  We  draw  a  polyhedron  in  the 
order  parameter  space  surrounding  the  origin,  whose 
edges  are  on  the  solid  angle  boundaries  defined  by  eq.  (3). 
For  a  PZT  of  MPB  composition,  the  degenerated  fer¬ 
roelectric  stales  include  both  rliombohedral  and 
tetragonal  phases.  Assuming  for  the  simplest  case  that 
Pt  =  Pr  =  o.  then  the  corresponding  polyhedron  is  shown 
in  Fig.  5.  The  solid  angle  calculation  can  be  written  in 
terms  of  a  surface  integ''al  on  each  of  the  corresponding 
surface  which  subtends  that  solid  angle,  for  example 


^  ’j'  a  ds  ^  f"  a  dA'  d.i’ 

ffoHIJk  I  /  ’  I  ^  I  I  j  ^  L  ’  I  * 


b  = 


1  3  - 1 
— a; 

y  2 


(5) 


rig.  5.  The  pfobabililv  disiribuiioii  polyhcclron  for  PZT  of  ihc  MPB 
coniposilion.  OT  =  OR.  The  solid  angle  sublended  by  ihe  surface 
IJKH  with  respect  to  ihc  origin  O  divided  by  4rr  represents  the 
probability  of  the  system  being  transformed  into  (OOP,,)  stale. 


where  ds  is  the  area  element  on  the  surface  oHLIK  and  r 
is  the  distance  between  ds  and  the  center  point  T  on  that 
surface  (Fig.  5).  The  integration  of  eq.  (5)  can  be  carried 
out  to  give  an  analytic  solution 

IioHrjK  =  4  arcsin 

From  this  result  and  the  arguments  given  above  we  con¬ 
clude  that  for  PZT  of  the  MPB  composition,  the 
probability  ratio  for  a  system  to  be  frozen  into  rhom- 
bohedral  and  tetragonal  phases  from  the  fluctuating  slate 
is  given  by 

/3-  <1\ 

. . ,,  ;t— 6  arcsin  - 

Rhombohedral  I  — bnoHUk /4;r _ \  6  / 

Tetragonal  6noHiJK/4)i 

6  arcsin 

=  1.459==  3:2  (7) 

A  ceramic  system  may  be  treated  as  an  ensemble  of  do¬ 
mains,  and  each  domain  can  be  considered  to  be  the 
system  we  have  discussed  above.  Then.  eq.  (7)  represents 
the  molar  ratio  of  the  rhombohedral  and  tetragonal 
phases  for  a  PZT  ceramic  of  the  MPB  composition.  This 
molar  ratio  can  be  calculated  directly  from  X-ray  diffrac¬ 
tion  intensities,  therefore  eq.  (7)  provides  a  criterion  for 
the  determination  of  the  MPB. 

Thermodynamics  tells  us  that  maximum  values  of 
many  physical  quantities  should  appear  at  the  MPB  com¬ 
position  due  to  the  existence  of  maximum  number  of 
energetically  degenerated  states.  However,  several  ex¬ 
perimental  results  reveal  that  these  maxima  do  not  match 
with  the  MPB  on  Fig.  1  but  often  slightly  deviate  to  the 
rhombohedral  side.'*''  Our  analysis  above  gives  a 
reasonable  explanation  to  this  controversy.  Naturally,  if 
we  use  the  ratio  of  3-.2  instead  of  1:1  as  the  criterion  for 
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ihe  MPB,  (he  MI’B  line  on  I'ig.  1  would  .shift  to  the  rhom- 
bohedral  side. 

The  novel  idea  presented  in  this  paper  is  to  take  into  ac¬ 
count  the  geometrical  constraints  in  the  calculation  of 
the  statistical  distributions  of  those  energetically 
degenerated  states  in  solids.  Through  this  paper  we  also 
intend  to  bring  people’s  attention  on  treating  solid 
svsiems,  those  thcrinodvnnmic  theories  <lcvctoped  for  gas 
and  liquid  sysfein.s  may  nut  l>e  saiit.1  aiul  slioiiiil  la- 
augmented  to  incorporate  the  characteristics  of  solids. 

Finally,  we  like  to  point  out  that  a  special  property  per¬ 
taining  to  this  problem  has  been  used  implicitly,  i.e.,  the 
homotopy  mapping  between  the  real  space  and  the  order 
parameter  space.  Strictly  speaking,  thermal  motion  oc¬ 
curs  in  real  space  not  in  order  paranteter  space.  But 
because  the  order  parameter  is  a  vector  in  our  problem, 
there  is  a  one  point  to  one  point  mapping  between  the 


Vi  C  M)  anil  L,  t .  C  Ross 

real  space  and  the  ordci  I'.irameter  space,  therefore  we 
did  not  emphasize  the  dilference  between  the  two  spaces 
in  the  text.  However,  if  the  order  parameter  is  not  a  vec¬ 
tor,  one  can  not  use  the  theory  developed  in  this  paper. 

One  of  the  authors  (W.C.)  wishes  to  thank  Drs.  M, 
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A  transmission  electron  microscopy  (TEM)  study  was  performed  on 
Pb(Zr,Ti)03  compositions  within  the  R3m  —  R3c  phase  region.  The  low 
temperature  phase  is  owing  to  a  displacive  phase  transition  involving 
oxygen  octahedral  tilts.  The  associated  superlattice  reflections  as  a  result 
of  the  tilt  are  detectable  by  electron  diffraction.  Dark  Field  diffraction 
contrast  imaging  of  the  superlattice  reflections  reveals  antiphase 
boundaries  (APB)  associated  with  the  octahedral  tilt  domains.  Interaction 
between  the  octahedral  tilt  antiphase  boundaries  and  the  ferroelectric 
domain  structures  of  the  R3c  phase  is  studied  and  discussed. 


1  -  Introduction 

The  perovskite  solid-solution  between  end- 
member  PbTiOa  and  PbZrO,3  is  the  basis  of 
important  technological  ceramics  used  in  the 
piezoelectric,  pyroelectric  and  electro-optic 
devices. '  3  The  phase  diagram  of  PbTiOa-PbZrO.i 
i.s  illustrated  in  Figure  1.  The  phase  diagram 
contains  a  variety  of  regions  of  displacive  phase 
transitions  and  there  are  antiferroelectric  and 
several  ferroelectric  phases  in  the  low 
temperature  regime.  Compositions  between  Zr/Ti 
ratios  90/10  and  65/35  reveals  a  ferroelectric 
ferroelectric  transition  between  rhombohedrai 
space  groups  R3m  -*  R3c.  This  transition  in¬ 
volves  the  oxygen  octahedra  tilt  about  the  <111> 
directions.^  The  aim  of  this  investigation  is  to 
study  the  inter-relationship  between  octahedral 
tilt  domain  structures  and  the  high  temperature 
ferroelectric  domain  structures.  There  have  been 
virtually  no  studies  regarding  the  domain  struc¬ 
tures  of  octahedral  tilt  systems  in  perovskites.^ 
The  transmission  electron  microscope  offers  an 
attractive  means  to  study  this  subtle  phenomena 
owing  to  electron  scattering  factors  for  oxygen 
being  much  larger  than  the  corresponding  x-ray 
scattering  factors.  The  diffraction  contrast 
imaging  also  allows  a  direct  means  to  study  the 
domain  states  and  their  interactions  with  the 
ceramic  microstructure.® 

2  -  Experimental 

Ceramic  samples  of  PblZr.TilOa  were  prepared 
using  the  conventional  solid-state  sintering  tech¬ 
niques.  The  starting  raw  material  powders  ,  PbO, 
Zr02.  and  TiOa.  were  of  analytical  grade  quality. 
Two  compositions  were  made  for  this  study 
Pb(Zro  p.Tio.ilOa  and  PbiZro.esTio  36>03-  These 
compositions  were  batched  according  to  the  stoi¬ 


chiometric  ratios  and  taking  into  account  the  loss 
of  ignitions.  The  raw  powders  were  ball  milled 
with  ethanol  solvent  for  48  hours  for  complete 
mixing.  Perovskite  phases  were  fully  formed  after 
calcining  for  four  hours  at  900‘’C,  as  determined 
by  X-ray  diffraction  studies.  The  calcined  powder 
was  ball  milled  for  24  hours.  Binder  and  1  wt% 
excess  PbO  was  added  to  80  mesh  sieveo  powders. 
Green  pellets  with  60%  theoretical  density  were 
formed  using  uniaxial  pressure  followed  by  binder 
burnout  at  SSO^C  for  1  hour.  Sintering  was  under¬ 
taken  at  1250'’C  for  2  hours  to  form  pellets  with  91- 
94%  theoretical  density  and  with  less  than  1% 
weight  loss. 

TEM  samples  were  made  by  grinding  and  pol¬ 
ishing  ceramics  to  a  thickness  ••  50  pm.  These 


Fig.  1.  The  PbZrO.3  and  PbTiOa  phase  diagram 
(Jaffe,  Cook,  Jaffe  ( 1971)J. 
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sections  were  mounted  on  3  mm  copper  grids  us¬ 
ing  Devcon  5-minute  epoxy.  Ion  beam  thinning 
was  performed  at  10°  with  argon  ion  beams  accel¬ 
erated  to  4  KV  and  a  beam  curreni  =  1  niA.  TEM 
ob.servations  were  made  using  a  Philips  420  STEM 
at  100  KV.  A  Gataii  liquid  nitrogen  two-till  stage 
was  used  to  make  in  situ  'I’EM  observations  be¬ 
tween  80°C  to  -180  C, 

,'J  -  KcsuKs 

Kigures  2la)  aiul  <hi  show  the  I  1  10|  7otu-  axis 
dilfraclion  patterns  revealing  lh+1/2,  k  +  1/2.  l4l/2> 
pseudo  cubic  superlallice  reflections  in 
PbiZrp  i),Tio  j  iO.T  and  PbiZip  fi.sTip  :ir,iO;5  respec¬ 
tively.  It  is  found  ihal  by  healing  the 
PhtZro  fi.sTio  )0.i  sample  to  SO'C  the  superlallice 
relloctions  disappear,  figure  2(c),  and  conversely 
cooling  to  lower  temperatures  with  the  Galan 
liquid  nitrogen  stage  the  intensity  of  the  diffrac- 


Fig.  2  lllOl  Zone  axis  ditVrnclion  palleriis  (a) 
I’btZroa.Tio  I  )Orr.  <bl  PMZro  r,r, Tip  sr.tOa.  both  at 
room  temperature,  and  (c)  Pb(Zio  sfi  Tio  ;t5lO,3  at 
80°C. 


Fig  3.  Schematic  representation  of  the  oxygen 
octahedral-tilling  in  R3c  phase. 


lion  spots  increases.  This  suggests  that  these  re¬ 
flections  aie.  therefore,  associated  with  a  dis- 
placive  ph.'ise  tiansiliofi  in  the  material.  The 
ih  +  1/2,  k  +  1'2.  1  +  1/2)  dilTiiictions  are  consistent 
with  the  neutron  dillraction  study  perlbriiied  l)y 


Fig.  4  (0)  Dark  Tield  image  of  ncinhedr.nl-lill 

superlattice  reflection  revealing  antiphase 
boundaries  (APID.  'bV  multiple  brigbi  lield 
image  of  same  area  revealing  typical  180" 
domain  wall  contrast. 
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(ilazef  ■*  (linger  predicUv)  tlic  (iripi!i  of  Ihi':  Pupei- 
latlico  III  lie  oxyppii  ori.-.liedra!  ills  wilhiii  tbo 
siiitplf  p<'i ovs!< i( o  s(rii('(mo  Tlio  oxypcii  oftalio- 
(li  al  sliiKs  w  d  li  oipiiil  iiintpiinciils  alioot  tlio 
psf'iido-rni  ir  pcrovsktic'  to  pivc  an  eKoidivt- 

clockwisf  and  anticlockwj.so  ralatifjti  of  o.xvpon 
ootalo’dra  ;iltoid  (In*  <1ll>  dn'oclioo*^  paiaILd 
till'  *e»i iK'k'fl tic  dipolo  di.^placoinoiit^  ol  (ho  U3m 
pliaso.  Fipiiro  4. 

Kipuro  4ia)  show.';  (ho  dark  liold  dill  ,  (ton  con- 
ti  as(  inuipo  as8ocia(od  with  (ho  siipoi  lat t  i< o  iidloc- 
(ion  in  ,a  Phi 7a o  o.Tio  i  iCht  siihpi  ain,  A  dark  lih- 
hon-liko  hoimdai  v  is  ohsoi  vod  iindoi  (hos<-  iniap- 
inp  condil  ioos.  and  (Ins;  is  liolicvod  (o  lio  a  wall 
soparatinp  out  o|-phaso  ixlahodial  (ill  variants 
l''ii'iir<‘  4lhl  shows  (ho  sanio  sniiiiiaiii  itnapod 
tiiulor  a  nnillipio  hoain  hriplit  hold  sjiati.al  portiir- 
haliou  hot  w'oon  Iho  18(1'  fori  ooloct  t  ic  doniain  walls 
and  (hi*  oclahodial  antiphase  Imniidai  ios 

Kipui  i'  fi(  a  I  shows  ti  hi  tphl  tiold  iniapo  w  hich 
rovoals  fonooloclnc  fwin  striicturos  and  invorsion 
18(1"  rorroeleclric  domains  in  a  i  lioinholioiiial  foi  - 
raeloctrics.^  Kigiiro  .^(bi  shows  (ho  same  ci  vstal- 
lito  imaged  in  dark  lieh!  .itli  a  supei  lat  tice  lelloc- 
tion.  The  nntiphnso  lionndary  contrast  is  again 
idisi’ivod  aiwl  shows  a  strong  intoi  a<-(  ion  wi(li  (ho 
twin  hound, aril's,  gonorallv  was  (oiiiid  .-intiphaso 
honnd.iiios  are  (orminatod  no  tho  (win  lionnd- 
aries.  grain  houndarii's,  oi-  altoi  nativoly  l  ontaiiiod 
within  tho  clo.sed  loops.  Thi'  an(i|iliaso  hoiindaiii's 
in  the  Pb( 7a  .Ti  K  l.t  l  oraitiics  prodoininant  Iv  tornii- 
nnte.s  on  either  twin  houudatios  oi  gram  honnd- 
aries.  Region  X  in  Figure  ,5ibi  shows  an  example 
of  the  antiphase  boundary  terminating  at  a  IllOl 
twin  domain  region  and  Y  shows  an  rntiphase 
boundary  coincident  wi'.ii  a  lOOll  domain  wall. 

4  -  Discussion 

From  the  above  results  we  can  infer  ‘hat  the 
Udm  ferroelectric  phase  has  only  (win  :  .  inver¬ 

sion  domains.  'I’win  domains  being  109"  or  71" 
type  and  twin  on  habit  planes  111(11  and  llOOl, 
respectively.  These  observations  are  consistent 
with  earlier  observations  on  umdified  rhomhohe- 
dral  F’IdZr.Ti lO.T  ceramics.**  The  octahedial  tilt 
transition  is  driven  by  a  zone  boundary  soil  mode 
resulting  in  the  doubling  of  (he  unit  cell.  This 
tr.'insition  gives  rise  to  two  additional  vaiiant.s 
wtiieh  are  separate  from  each  other  with  an- 
liph.'i.se  lioundaries.  ’I'tie  antiphase  houiidanes 
are  slightly  perturbed  by  180’  domain  walls  and 
are  strongly  perluilied  by  the  twin  houiidanes.  In 
some  incidents  we  noted  that  the  aiilipha.se 
boundaries  were  joined  with  tlie  walls  in  which 
case  it  may  imply  that  a  coupling  between  the 
gradients  of  the  tilt  and  the  polarization  may  be 
present. 
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Fig.  li.  la)  Dark  field  image  of  ferroelecti  ic 
domain  walls;  tb)  Dark  field  image  of 
supperlaUice  lellection  revealing  interaction  of 
APUs  willi  twin  domain  walls. 
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Abstract 

In  this  study,  a  simple  and  direct  method  ha,s  been  proposed,  which 
allows  to  be  used  for  quantitatively  di.stingui.shiiig  ih  ■  meclnuiisriis 
of  domain  reorientation  pfOce.s.ses  in  polycrystulline  materials  Uy 
using  this  rralliod,  Ute  Df)"-  domain  reorientation  in  t  le 
Pb(Zr«Ti|.«)  ceramic  under  the  electric  field  was  es^unined  through 
the  X-ray  diffraction  analysis  It  was  (ound  that  the  (lolaiiraiioti 
switching  in  the  PZT  ceramic  with  the  coniposiiion  near  the 
morphotropic  pha.se  iKiiindary  is  predominantly  conlrollcd  by  the 
two  snccc,s.sive  90"  domain  processes  rattier  than  IKO"  domain  wall 
reversal.  Esperitnenial  results  also  indicate  that  the  coeicivc  field  of 
the  ceramics  is  related  to  the  co(i|)cranve  dclomiaiion  associ.iieil 
with  each  grain,  winch  arises  Itoin  90"-  domain  tcvcrs.il  piocess 

I.  lutnxlucUon 

Tlie  inierrelalion.ship  (leiween  the  dynamic  t<ehaviors  luid 
the  inicrosiniciures  (inliinsic  domam  sirncinies  )  of  tefroeleciiic 
ceramics  is  of  great  significiuice.  Ihe  investigation  of  polarization 
reversal  in  ferroelectric  ceramics  is  of  both  theoretical  lutd  piaciical 
interest.  Recently,  a  lot  of  efforts  have  been  pot  into  developing 
polyciysialline  ferroelectric  lliiii  films  as  non-volatile  memory 
devices  using  tlie  capability  of  switching  the  direction  of  remiuuit 
polarization  under  the  inllnence  of  an  electric  mipiilse  In  fact,  the 
polarization  reotieolation  processes  are  iiiiimaicly  associated  with 
the  hasic  dynamic  inrmory  capahilily  and  the  switching  llnestiold  of 
polycryslalltne  thin  film  memory  devices,  as  well  as  the  basic 
fatigue  ami  tiegradatioii  liehavior  of  thin  lihii  devices.  With  regard 
to  this,  the  mechanisms  of  the  domain  reversals  in  PZT 
polycrysialline  systems  have  a  special  and  im[xntani  aspect. 


dislinguishing  tlie  mechinisrns  of  domain  reoriemauon  ptocesses  in 
polycfy.siallinc  materials  It  has  been  diieclly  confimied  that  tlie 
polarization  swiicliing  processes  in  PZT  ceramic  with  the 
comp .rsii ton  within  the  motphoiroptc  phase  boundary  is 
piedoininanily  dependent  upon  two  successive  9tl"doinam  leversal 
processes. 

11.  Experimental  Procedure 

Tlie  specimens  used  liete  are  of  chemical  composition 
Pb(Zi<iS2  TmaslOr-i-  1)5  w.t  %  NhjOs  ,  w)iich  is  wii)iiti  the 
inorplioirnpic  phase  )H>undary  Tlie  ceramics  were  prep-ired  by  tlie 
conveiitioii.il  mi*cd  -oside  process  llic  final  sunetmg  tenipeiaiuie 
IS  lIRf)  "C  --  1250  "C  for  2-  3  hrs.  The  scanning  electron 
micrographs  (Pig  I  show  the  average  grain  size  of  llic  ceramic  to 
lie  3|ini  5|iin  The  domain  structures  can  he  clearly  ohservei) 
ihrongli  the  environmental  scaiuiuig  electron  microscope  wiilumi 
coaling  tlie  samples  (7]. 


Figure  I  The  SEM  micrographs  of  the  PZT  ceriiniic  with  ihe 
com|H>silioii  wiiJiin  die  inorphoPfopic  phase  boundary 

Tlie  .santples  were  cm  in  the  dimensions  of  (8tnm  x  8mm  x  |(!  5  - 
0  8  mini  )  trod  elecirixled  with  gold  for  Ihe  dielectric  and  siiain 
ineasiiremenis  For  the  X-  ray  analysis  measnieinents,  the  ihin 
vacuum  ile|«>siied  silver  eleclrmle.s  were  ii.seil  on  the  l.aces  e»ix'st;d 
to  the  ,X  -  lays  ni  order  to  reduce  the  ealra-  ditiraclion  ol  the 
electrodes.  Delorc  making  silver  electrodes,  the  surfaces  of  the 
samples  were  polished  and  etched  X-  ray  diffraction  meiT-stireinents 
were  perfonned  on  an  automatic  X-ray  diffractometer  using  CuKu 


Early  investigations  for  the  dynamical  liehavior  of  90*’  type 
ilnmain  walls  <90"  in  letragonaJ,  71"  and  109"  in  Ihe  rhomliohedral 
phase)  and  180"  dnmain  wails  tii  PZF  ceramics  have  been  carried 
out  in  the  pa.sl  three  decades  ( I  -61  Eased  on  the  bias  dependence 
measurements  of  dielectric  constants,  polarization,  and  sjionianeini.s 
strain  in  certain  PLZT  ceramic  sysieins.  it  hits  Ixien  siiggesicil  lliat 
tlie  processes  of  polarization  reversal  may  lie  characterized  by  two 
successive  90"  type  domain  processes  rather  than  hy  the  direct  180" 
domain  switching  processes.  Apparently,  all  previous  research 
results  seemed  to  be  ade(|uate,  however,  they  ate  hy  no  means 
quantitatively  conclusive  hecau.se  no  any  direct  esperimenial 
methods  could  distinguish  the  mechanisms  of  die  pulatizalioii 
reversal  processes  in  the  polycrystaliine  maieiials  . 

In  general,  the  tnechanism  of  polarizalioti  reversal  |>roccs.ses 
in  single  crystals  is  explained  hy  the  nucleatiim  luid  growih  of  new 
antiparallel  domains,  Eerroelectric  ceramics  consists  of  many 
randomly  orientated  grains.  Tlierefore.  Ihe  polarization  reversal 
mechanism  and  switching  behavior  in  ferroelectric  polycrysialline 
materials  is  rather  complicated  amt  depends  upon  many 
coiiditions|7|.  Usually,  the  polarization  reversal  processes  in 
ferroelectric  polycrysialline  materials  is  substaiiiially  differeiii  from 
those  in  single  crystals.  In  this  work,  a  simple  and  direct  method 
has  been  proposed,  which  can  be  used  for  quantitatively 


Th«  <fir«ctt0D  of  Iniliol  poiBtttflion 


Figure. 2  Shape  and  initial  polarization  orientation  of  specimens  for 
two  different  ctises. 

(a)  The  initial  direction  of  remnant  polarization  parallel  to  the  surface 
of  the  plate  siunple. 

(bniie  initial  direction  of  remn.rnt  polarization  pcqiendiculai  to  the 
surface  of  die  plate  sample. 


radiation  (X.  =  I  5418  A)  The  experimental  data  were  processeil 
with  the  software  developed  by  the  Materials  Kesearth  Lab  at  reiiii 
State,  Tlie  X-ray  patiem.s  were  tecordeil  at  a  scan  rate  of  2H=  O  f" 
min  Tile  low  scanning  rate  was  chosen  in  order  to  enhance  the 
intensity  of  the  diffraction  Ihe  cetaniic  specintens  were  miiiallv 
poled  in  two  different  ways  in  accorrlance  with  the  s;unple  shape,  as 
shown  in  Fig  2. 1  he  depth  of  X-  ray  penetration  in  this  IV.  1  sssieni 
is  estimated  to  be  I  pni 

HI.  Results  and  Discussions 

3.1.  Principle  of  X-  ray  atuilysis 

It  is  well  ktinwn  that  PZT  ceramics  contain  nnuty  Mtl"  and  IKli" 
domains.  Ihe  electric  field  will  torce  them  move  toward  the 
direction  favorable  to  the  total  sysiem  energy  According  lo 
Friedel's  law,  the  reversal  of  I8(f'  dotnaitts  during  the  polariraiion 
process  could  not  lie  delected  by  the  X-ray  dillraclinn  inerlmd 
Therefore,  it  is  believed  that  the  change  of  ratio  I((l(l2»/li  JlMlt  is 
caused  by  the  switching  of  'Xl"  domain  alone  |K,h|  In  general,  the 
intensity  of  any  (hkl)  rellecfion  .  relative  to  that  from  a  random 
.specimen,  is  propnnional  to  the  vnlume  fraciinn  of  domains  having 
iheir  (hkl)  planes  parallel  lo  the  plate  surface  Regarding  this  study. 
Ihe  intensity  of  l|tH)2)  reneciioii  is  proportional  lo  the  volume 
fraction  of  domain  having  the  polarization  direction  parallel  lo  the 
nonnal  of  surface  of  plate  siieciniens 

Based  on  the  general  principle  of  X-ray  dilfratlion,  the 
diffractive  intensity  l(hkl)  for  (hkl)  plane  c;ui  he  usually  expressed 
by  111 

l|iikii  =  C  A  l|,L|F,hk  III  Nihkii  Pihkii 

where.  In  st;mds  for  incident  X-ray  iliffraclinn,  L.  I.oienlz  angle 
laclor:  Ftlikll.  sniicliire  lactor  lot  (likh  plane:  Nihkil.  iterating 
(actor;  A,  ahsoitnioo  (aclt'r  anil  C  is  known  as  measuring  system 
ctmstitnl  Once  the  nieasitriiig  coticlilions  and  s|iecimeiis  are  delmed. 
C  can  be  calculated  fxhkil  r.r  thr  n  vifial  i>l<iite  m  ii'nuiium  ilriisilx 
u  liif/i  (.1  ilcjhiftl  ti^  llie  voliiHW  JkkUiiii  of  the  eixMill  viiiiiis  <tith 
thkil  plaiir  i>arallel  It)  speanieii  suihii  f  Oliviniisly.  (or  a 

specimen  with  the  preferened  orientation  of  the  (hkh  plane,  its 
plhki)  should  lie  constiuii  and  can  tie  taken  as  I,  iherelore.  one  luis 

•rihkh  =  CAI|,L|F|,u,fN,ski,  <'  > 

From  the  dermition  of  ililfraclion  intensity,  it  easily  follows  that  llic 
chtfraclioii  iniensiiy  for  the  (hkl)  planes  slioulil  be  proportional  lo 
Ihe  volume  fraction  of  domains  (Iniilt  anil  18(1"  doiiiains)  in 
which  the  (hkl)  planes  are  patallel  lo  the  suilace  of  the  plate 
specimens.  Since  there  may  he  two  possible  kinds  of  domain 
reversal  processes  during  the  polaiizaiion  swiicititig.  the  measured 
l<(K)2)  and  1(2(10)  'liould  enniain  die  conlrilnitions  iif  the  planes 
((1021  and  (200)  wiilim  (mill  00"  reversal  domains  and  1X0"  reversal 
domains,  respectively,  that  is; 

1(002)=  nl  100"|  Ip((K)2)  +  n: 1 180"|  lp((Kl2)  (2) 

1(200)  =  gi  |90"1  lp(2(M))  +  g.’|l80"l  lp(200)  (.^1 

and. 

Ill  -m2  -I-  gi  ♦  g2  =  I 

where,  ni  and  n2  are  (he  00" and  180" domain  volume  fractions, 
respectively,  which  have  the  (002)  pliuie  parallel  to  the  suilace  of 
Ihe  plate  specimens  gi  and  g2  are  the  00*' and  180" domain  volume 
fractions,  respectively,  which  have  the  (200)  plane  parttllel  to  the 
surface  of  die  plate  specimens  It  should  he  noted  that  tii  iuul  gi 
are  the  function  of  applied  elecliic  field,  whereas  the  n:  ;u«l  g’  .ire 
always  constants  during  the  tloniain  reversal  processes.  Ihe 
domain  volume  ratio  belwe'  M  the  dtitnains  with  the  polarization 
direction  perpendicular  lo  the  .urfacc  and  those  having  tlie  direction 


of  their  polatizaiions  parallel  to  the  surface  of  the  plaie  specimen 
could  lie  expicssed  as  lollows: 


R'=  K 


1((MI2) 

1(2(8)) 


(4) 


here,  K  is  special  coclficieol  Since  the  change  in  ihdt.Kiioo 
Kiteiisnics  ate  only  Ciiiiscil  by  00”  liomanis,  the  X  -  lav  loteosoics  o( 
Iil8)2)/I(  2(81)  iiMilcr  the  mllueiicc  of  the  electric  field  could  lepit  seiii 
the  cluiraclertstics  ol  00”  domain  leveisal  1  he  clt.ingmg  taic  ot 
itlH)2l/li2(HI|  may  irveal  some  infoniiation  about  the  mrcinuiisni  of 
die  domain  leorieotaiioos 

In  the  lolhiwiog,  we  shall  ihscuss  two  diOe'tnt  cr-es  ot 
pohuizatioii  leorieniaiion  to  disiioguish  die  polarizaiion  reorieoiaiion 
processes  heiweeii  0(1"  domain  reversal  and  180"  domain  reversal 
processes  It  slioidd  he  noted  that  in  reality  Ihe  domains  c.ui  ncvei 
lie  |ier(citly  aligned  I  lie  dislriltriliiin  ol  fKiiari/alion  ilnetlions 
always  oliev  die  certain  axial  distiiliulioo.  as  sliowu  to  Fig  1  Ihe 
Ill8)2)  and  1(218))  arc  measured  by  iheif  average  values 


Figure  .1  I  wo  diinensinnul  repiesmiaiion  of  die  vector  model 
showing  the  spatial  dislribuiimi  of  domains  at  different  stages  of  the 
polarization  reversal. 


The  Ctue  I 

For  the  case  I  ol  I'lg  2  .  the  initial  directions  of  polarizaiion  in  most 
domains  are  parallel  in  the  surface  of  the  pliile  sjiccimen  If  an 
electric  field  is  applied  lo  the  direction  normal  to  die  surface  o(  the 
plate  s|iccimen.  die  (nilarizalion  reversaj  prcRess  will  lx;  expected  to 
be  lollowing  the  model  m  Fig  .5.  As  die  applied  electric  field 
increases,  the  diiectiun  ol  potarizalion  will  gradually  be  changed 
With  a  sulftcieiuly  strong  electric  field,  the  polanzalton  directions  in 
Ihe  certuiiic  will  change  iheir  di.sirihuiion  direction  tvenlually,  all 
ixihifization  direciiiin.s  will  lie  lined  up  nearly  parallel  to  the  plus 
dircclioii  shown  at  point  C  via  the  90"  domain  wall  reversal 
process.  Ihe  iittriginiig  feature  is  ihal  in  this  process  only  00" 
domain  rent ieiilal ton  is  involved  and  no  18(1"  domain  wall  reversal 
process  occur  since  the  initial  direction  of  pnlarizaiton  is 
perpciulicular  lo  the  applied  electric  field  From  eqi  1)  and  e^  (4). 
one  obtains 


l((H)2)  n,  190  I  I  ((K)2i 

1(200)=  ■  o 

"zlOO  I  I  (2(8)) 


and  ni+n3=  I.  Eq.(5)  means  tliai  R  is  ecui.il  id  the  difftaciive 
inlensity  ratio  of  (iii|d()<’|  lp((l(l2)/ ii?  |d(l"))p(2l)dil  widiiri  die 
unit  volume  of  per  ,Umiam  ll  slioiiliJ  I'e  iinletl  dial,  in  genenil. 
tite  unit  volum  of  per  dO"  domain  is  nni  neirssarily  ei|ual  Id  die 
unit  volum  of  per  domain  if  considering  die  cocsisiciice  of  bodi  dtC 
and  ISO^doniauis  Fron  e(|  (5).  the  clianging  raie  nl  R  as  a  function 
of  •  ectric  field  can  tie  e.spiessed  as 

JR  ,  1M>'|  I'll  "l  CdIMlil 

where  R  is  die  measuted  value  of  ralio  I(()(l2)/h 2(Kli  the  cluuigiog 
rale  of  I(()d2)/I(2(M))  Irom  I'oini  ()  lo  die  (niiiil  C  lellects  only  die 
feature  of  VO"  domain  wall  tcniientation 


When  the  intensity  of  electric  field  is  decreased  Irom  the  point  C  to 
point  D,  the  domain  polarization  turns  hack  to  die  nearest  easy 
direction  in  the  favour  of  lowing  the  iiiiernal  energy  If  the  applied 
electric  field  is  increased  funher  in  the  minus  directimi  Irom  the 
point  D  to  point  F.  the  domain  polarizations  pointing  in  the  plus 
direction  ate  reversed.  This  may  involve  hodi  the  vp"  and  180" 
domain  switching  processes.  Thus,  from  cqs.(2)  and  (.1),  we  have 


R  It.-n 


l(IMI2) 

UZOd) 


g,  |V()'’|ipi2(m) 


(7) 


where.  ni  +  n2  +  gl  =1,  ll  should  he  noted  that  no  I8d"  domain 
reversal  occurs  in  the  diieclion  iieriiendicular  lo  die  a|ipiied  field. 
Ihus,  eq  (7j  can  espresscil  as 

I  _  ldKI2)  ^  n,(V0''|lp((«)2)  +  n2(l8(MIpdH)^ 

17..':  g,[9()''|l(20(l) 

(ti||V()"|l  (18121  +  njl«d"l  Ip{<8l2)l 
=  (n  ,  +  g  I  lit  ■.  wtiere:  a=  „ 

g,|V()  ilp(2(H)l(ii,  +  g,) 

wlieie.  (nl  +  gi)  =  (l-ii3).  which  is  die  voulnic  fraction  of  total  VI8' 
domains  in  the  mateiial.  <i  is  the  ratio  of  difftative  iiueasily  witli  die 
uiiii  volume  of  per  Vlf  domain  a  is  also  a  fuclion  of  electric  held 
ami  dependent  u[ioii  the  entire  domain  polarization  tevers.il  process. 
Frecisely  speaking,  since  only  the  (ni  +  gO  poition  of  domains 
conirihuies  in  die  difftalion  iiilenstiy  of  R  (or  I(t8l2)/I(2(K1)  )  in 
eq(8|,  thus,  the  contribution  of  V(8’ domiiiiis  to  R  in  (he  process 
Irom  point  U-  point  F  should  not  be  esaedy  the  same  as  that  to  (he 
iiiteiisiiy  R  in  the  process  from  point  ()•  |ioiiil  C  hi  order  lo 
compare  (lie  features  of  these  two  domain  icversal  processes,  we 
can  define  that  (he  changing  r.ale  of  diffratiiiii  intensity  is  the  siuiie 
w  jihin  the  unit  volume  of  per  V(8M<imaiii  wiili  res|iccl  In  these  (wo 
domain  swiichiiig  processes.  Iherefotc.  Irom  cq  (8),  one  should 
have 


It,  p=(n|*Pl>|w"l  « 

dfc  ' 

u  <JR  I 

=fn,  +g,  l|V0  !  loc 

Naturally,  unlike  eq  (  fi).  which  ilescrihing  a  pure  Vtl'Miimain  wall 
reorienialion  process,  it  can  he  found  that  Irom  eq  (V).  t\ie 
changing  rate  of  R  as  a  function  of  the  electric  field  will  also  he 
affected  by  (iiivgil  Ohvimisly,  if  (nirgii  is  equal  to  1.  the 
polarization  reveisal  process  will  lie  a  pure  l»ie  of  Vtl"  domam  one 
and  eq  (Vl  will  become  exactly  the  siuiie  as  eq  (hi  In  cntnr.asl.  if 
(ni+gi)  is  equal  to  zero,  this  means  that  no  9(f’  domam  reversal  will 


occur,  and  no  X-ray  information  can  he  ohfaiiied  Eq  (V)  is  an 
approxiniale  expression  winch  is  precisely  valid  only  if  large 
amounts  of  V18'  domains  are  involving  in  the  (Xilaiizalion  switching 
processes  The  detail  discussions  can  be  found  in  Ref  |7| 
Comp.ued  lo  eq  (V|  and  eqthl.  it  could  be  assened  that  if  VO" 
doniani  wall  reorienialion  is  iltc  main  process  in  die  polarization 
swilcinng  process  from  point  0  lo  poim  F,  the  changing  rate  of  the 
measured  ratio  dR/dE  would  lie  slightly  less  than  lliose  from  the 
point  <)  to  the  point  C  according  to  eq(V)  In  oilier  words,  the 
lealuie  of  domain  reversal  process  from  poini  D  lo  point  F  is 
imisi  likely  a  pure  type  of  VO"  domain  reoiieiiiaiion  between 
point  D  and  point  F  Conversely,  if  18(8'  domains  are 
piedoniiii.anily  involving  die  polarization  reversal  process  from  die 
(Miiiit  U  to  the  point  F.  the  ciianging  raie  of  die  measured  dR/dE 
would  he  much  smaller  than  that  from  point  O  to  point  C  because 
of  die  small  (ni-fgi)  Mere  we  assume  die  iiiiemal  energy  states  .ni 
poims  <)  and  1)  are  the  same  This  assumptinn  is  .  in  practice, 
ahitosi  fulfilled  hi  .short,  eq  (V)  could  be  used  as  ilie  criterion  for 
qualitatively  evaluating  the  cliaracterislics  of  the  dynamic  Ireiiav  ior 
of  domain  reorientation  processes  in  cerairucs  m  (enns  of  X-ray 
analysis  tecluiiques. 


322.  Experiineulal  Ilesulls  aud  Coaclusions 


In  practice,  in  order  to  son  out  the  mechanisms  of  dnniain 
reonciilation  in  the  cetamic  specimens,  we  have  to  examine  both  die 
fc.itnres  of  the  dependence  of  l(hkl)  a-s  a  fuiK'tion  of  applied  electric 
fields  and  the  changing  rale  of  l(tHl2)/l(2(MI)  as  a  function  of  the 
applied  eleclitc  held  tor  dl  l(t8)2)/t2(H))l/dE  )  in  some  details. 

Fig  4  show  the  XRD  profiles  of  (002)  and  (200)  peaks  for  plaie 
P'Zf  Siuiqiles  in  (lie  case  of  diffcTcnl  polarizalinn  orientations  It  can 
(le  seen  from  Fig  (4a)  that  when  the  nonnal  direction  of  the  plate  is 
(leipendicular  to  the  polaiizalion  dnection.  the  (200)  peak  is  much 
iiigiier  than  the  ((8)2)  peak  of  the  sample.  Conversely,  for  samples 
with  the  nonnal  direction  of  die  plate  parallel  to  die  poling  diieciion. 


Figure  4  Tlie  XRD  profiles  of  ((8)2)  and  (2(8))  peaks  for  plate  PZT 
samples  of  different  orientation  of  polarization  (a)  X-ray  intensity 
profile  of  a  poled  ceramic  plate  sample  with  its  nonnal  direction 
perpendicular  to  tire  poling  direction,  (b)  X-ray  intensity  profile  of  a 
poled  cer.-miic  plate  sample  with  its  nonnal  direction  parallel  lo  the 
jioling  direction,  fc)  X-ray  inlensity  profile  of  an  unpoled  ceramic 
sample- 


M  ihown  in  Fig  (4b).  «he  ((Ki2)  peak  is  much  higher  than  (200) 
peak.  Fig. (4c)  is  the  case  <>f  an  unploetl  sample.  Since  no  pteferreil 
orientation  eatsts,  llte  intensity  of  (200)  peak  is  about  twice  as  that  of 
(002)  peak. 

Fig  5.  presents  the  ratio  I(002)/l(20())  as  a  function  of  the  applied 
electric  rield  in  t)ie  ca.se  (ID  of  Fig  2  In  Fig  “i,  the  magnitutk-  ol  the 
applied  electric  fieUI  at  poinis  D  and  U  aie  almost  exactly  omial  to 
the  coercive  fields  of  the  P-  E  (  polarization  -  eletlric  ficldl  hysicrsis 
loop  and  S-F.  (strain-  electric  field)  liysierisis  loop  measuied  at 
ultra-  low  frequency. 


Electric  Field  (lOOV/cm) 

Figure  5.  The  ratio  of  l(002)/l(200)  as  a  function  of  the  applied 
electric  field  for  the  case  II  of  Fig  2. 

Since  the  ratio  1(002 )/l( 20(1)  represents  the  cliaracleristics  of  W 
domain  reversal,  it  indicates  tliai  the  cocevice  lielil  of  polaiization 
switching  is  closely  related  to  the  00"  doniaitt  reversal  in  this 
ceramic  sample. 

Fig  6  presents  the  ratio  of  l(()02)/l(2(H))  as  a  function  of  tlie  applied 
electric  field  from  point  O  to  point  D'  for  ttie  case  t  of  Fig.2. 
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Figure  6.  The  ratio  of  l(0()2)fI(2(H))  as  a  function  of  the  applied 
electric  field  for  tlie  case  f  of  die  Fig.2. 

As  discussed  above,  from  the  point  O  to  point  C.  the  domain 
reorientation  is  a  pure  90"  domain  type.  If  polarization 
reorientations  involving  hoili  the  18(1"  and  OO*’ domain  reversal 
processes  from  point  D  to  point  F,  then  the  shtpes  of 
l((K)2)/I(2(K>)  as  a  function  of  electric  fields  from  the  point  ()  to  the 
point  F  should  be  substantially  smaller  than  those  from  point  O  to 
point  C.  The  slopes  of  the  dRAlE  in  the  Fig.fi.  are  listed  in  die  Table 
I, 


Table!  Changing  rale  of  l((K)2)/l(200)  v.s  die  applied  electric  held 
for  the  ca.scs  of  Fig  6 


Lilies 

Slopes 

O-  B 

to  05  ±  0  2)  V  10'^ 

((...(• 

(4  2  +  0  3)  X  10-7 

D---E 

(1,1  t  0  2)  X  10-2 

E--F 

(3  2  ±0  3  )x  10-2 

From  Tatile  I.  it  ciui  be  clearly  found  that  ihere  is  nti  subsiaiiii.U 
difference  in  tlie  absolute  values  n{  the  slopes  between  the  ()  •  B 
line  and  the  D -  I-  line  or  between  the  B--C  line  arid  ihe  E- -f-  line 
Ihis  argument  strongly  suggests  that  the  entire  polari/aiioii 
leuricnlalioii  piotess  (tom  (mini  ()  to  pomi  F  is  jiredniimianily 

controlled  by  the  90*’  domain  reversal  process  In  other  words, 
eq  (9)  could  he  appro* imalely  satisfied  by  the  experimental  data 
Tlie  esiinialed  value  of  (nl  -i-gi)  is  around  0  7  -  0.8 

Ihetefote.  it  can  be  concluded  that  the  90"  domain 
reorientation  plays  a  major  role  in  terms  of  the  polarization 
switching  m  the  I'ZT  bulk  ceramic  with  the  composition  wnhin  tlie 
morphotropic  phase  boundary. 
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Abstract 

In  this  work,  a  modified  lumped  parameter  method  has  been 
discus.sed  which,  we  believe,  is  especially  suitable  for  microwave 
measurements  of  dielectric  dispersion  in  high  dielectric  materials  in 
a  particular  frequency  region.  The  method  combines  some  of  the 
features  of  both  the  lumped  parameter  method  and  the  distributed 
parameter  method  Dielectric  dispersions  tor 
PbZri  uTirOt,  BaTiOr  and  Ba.rSrl  »TiO’  ceramics  in  the  frequency 
dr'main  from  I  MHz  to  IGHz  are  presented  Ibis  paper  also 
discusses  the  principle  of  the  measurement  and  the  accuracy  of  the 
experimental  data  which  is  retrieved 

L  Introduction 


Dielectric  properties  ol  ferroelecinc  maierials  and  their  trequency 
dependence  are  of  great  importiuice  in  many  applications  Dielectric 
dispersion  in  ferroelectric  maieiials  has  been  mea.sured  and 
discussed  by  many  authors  |l-6|  The  measurement  of  relative 
dielectric  constant  (£)  and  loss  tangent  (tanS)  in  ferroelectric 
materials  at  microwave  frequencies  is  made  difficult  by  the  large 
dielectric  consiatii  and  loss  tangents  e.sbibited  by  these  tnaieriaJs, 

In  general,  high  frequency  dielectric  measurement  techniques  are 
mainly  divided  into  two  sections  ( I )  the  transmission  techniques, 
and  (2l  the  resonant  techniques,  among  which  only  the 
transmi.ssitin  techniques  have  the  swept  frequency  capability  The 
transmission  techniques  for  microwave  measurements  on  dielectric 
satiiples  can  he  classified  into  two  categories  One  is  the  lumped 
capacitance  method  and  the  other  is  the  distributed  parameter 
nieiliod.  In  practice,  however,  the  microwave  measurements  for 
high  dielectric  materials  in  the  frequency  raitge  1(H)  MHz  -  2GHz 
c:ut  not  he  made  accurately  by  either  of  these  two  methods,  even 
though  the  mictnwave  equipments  have  been  improved  signiTicanily 
in  tile  past  few  decades  The  ohjeclive  of  this  study  is  to  mea.sure  the 
dielectric  ilispersions  of  high  dielectric  cnnsianis  materials  at  the 
frequency  riuige  1  MHz-  20Hz 

IL  LixnitatioDS  of  Conveutioaal  IVlethcKls 


In  the  lumped  capacitance  method,  a  dielectric  sample  was  placed 
on  the  end  of  a  shorted  coaxial  line  r.nd  the  complex  reflection 
coefficient  was  measured  by  the  lime  domain  reflectmeter  (TDRi 
through  the  vector-  voltage  ratio  of  the  reflected  wave  to  the  incident 
wave  from  the  sample  (7) 


r.  +  jr  = 

»  J  y 


(I) 


where  V,<r(  is  the  voltage  of  the  reflected  wave  and  Vine  represents 
the  voltage  of  the  incident  wave.  The  complex  retleclion  coefficient 
was  a  function  of  the  complex  permittivity,  and  thus,  the  real  and 
imaginary  part.s  of  the  relative  permittivity  may  he  expressed  as 
follows  (7.8) 


I  ,2  I  , 

wc„z„i  |rj  -f  2|rlco-9-i-i) 

The  basic  assumption  for  the  lumped  capacitance  methtxl  cs  that  the 
electric  field  is  unilonn  tliroughoul  the  sample  In  oilier  wnrds,  this 
means  that  the  mea.sured  reflection  coefficient  is  equal  lo  the 
intrinsic  reflection  coefficient  of  samples,  which  is  caused  bv  the 
complex  pennillivity  of  the  sample  If  this  basic  requirement  could 
not  be  satisfied,  the  accurate  results  would  not  he  obtained  by  using 
lire  lumped  capacitance  methtxl  At  higher  frequencies,  the  lumped 
capaciiance  method  breaks  down  in  several  respects  ( I  i  The 
measured  capacitance  of  the  sample  cannot  be  smtpiy  related  to  the 
real  dielectric  constant  of  the  santple  because  of  the  non-unifonn 
variation  of  the  electric  field  throughout  the  sample  In  other  words, 
for  high  dielectric  constant  materials,  due  to  the  wave  compression, 
the  basic  assumption  for  the  lumped  impedance  icctmique  loses 
validity  at  the  high  frequency  It  is  .  therefore,  required  that  the 
thickness  of  the  sample  should  be  around  the  order  of  a  few  percent 

of  a  wavelength  at  the  highest  frequency  of  interest  in  order  to  obtain 
rather  accurate  experimental  data  If  the  material  has  the  dielectric 
constant  around  KHH)  at  tfie  frequency  of  I  GHz.  ilie  corresponding 
Ihickne.ss  of  the  sample  should  be  the  order  of  I  (Hi  pm  The  oilier 
dimeasions  of  specimens  should  also  he  much  less  than  ihe 
wavelength  of  light.  (2)  Tlie  fringe  field  effects  (91  and  the  inahiliiy 
of  the  measurement  equipment  also  affect  the  the  accuracy  of 
measured  experimental  data  severely  At  the  high  frequencies,  ihe 
fringing  fields  are  usually  no  longer  negligible.  The  smaller  cross 
section  of  samples  decreases  the  fringe  field,  however,  machining 
the  sample  becomes  difficult.  In  addition,  due  to  the  limitations  of 
measurement  lastnjmenis.  the  maxunum  readable  c.tp:<'-"iwe  value 
within  5%  accuracy  is  always  limned  al  the  higher  frequencies 
Derailed  discussions  can  be  found  in  Ref  1 131 
On  the  other  hand,  it  is  known  that  the  distributed  transmission 
method  does  not  require  the  uniform  field  assumption  In  this 
method,  however,  the  wave  guide  is  the  primary  medium  of 
microwave  propagation.  If  the  cutoff  frequency  is  around  3(KI 
MHz.  Ihe  wave  guide  dimensions  should  he  around  the  oidti  of  0.5 
III.  Nevertheless,  it  is  not  reasonable  in  praaical  cases 

UL  The  Principle  of  the  Proposed  Measurement  Method 


As  discussed  above,  due  lo  the  influence  of  fringing  fields 
and  the  difficulty  of  sample  machining,  ii  is  difficult  to  satisfy  the 
requirement  of  the  critical  thickness  which  is  imposed  by  the 
assumption  of  the  lumped  impedance  technique  The  question, 
therefore,  arises  as  to  whether  or  not  the  lumped  impedance  niclhod 
can  be  modified  in  order  lo  extend  the  scope  of  its  applicaiioas 
Usually,  in  the  high  frequency  region,  the  dimension  of  the  sample 
does  not  fulfill  with  die  critical  requirement  of  the  sample  dimension 
in  icrms  of  the  basic  assumption  of  the  lumped  parameter  method 
Therefore,  the  measured  refieefion  coefficient  is  not  exactly  equal  to 
the  intrinsic  reflection  coefficient  of  the  sample.  Hence,  the 
measured  reflection  coefficient  is  not  solely  related  to  the  complex 
pennittivity,  which  is  affected  also  by  the  losses  and  the  phase  shift 
of  the  measuring  .signal  during  the  electromagnetic  wave  passing 
through  the  sample.  In  order  to  overcome  these  difficulties, 
accurately  describe  the  measurement  situation  and  make  the 
measurement  practical,  the  measured  sample  can  he  considered  as  a 
"quasi-transmission"  line.  Precisely  speaking,  in  this  silualinn  we 
may  visualize  the  measured  sample  comprising  of  two  parts,  as 
.shown  in  Fig.l .  Part  1  is  a  very  thin  layer,  which  is  thin  enough  to 
be  equivalent  to  an  ideal  lumped  c-inxMiance  system  The  reflection 
coefficient  of  this  part  represents  the  intrinsic  properties  of  the 

measured  materials.  Part  II  is  the  rest  of  the  sample  (  the  shadowed 
area)  ,  which  is  a  "lossy  transmission  line  "  or  a  distributed 
component,  and  could  be  described  by  a  simple  two-  port  net  work, 
as  shown  in  Fig.(lc). 


Two-  port  nplwork 


Figure  I,  (a)  Schematic  drawing  of  the  sample  imaged  as  the  two 
parts  of  a  "lossy  t|iiasi-  lumped  transmission  line" 

(h)  Equivalent  circuit  of  the  real  sample. 

(cl  Terminated  two-port  network  with  the  Sij  paiametets  to 
describe  ilie  nature  of  the  sample. 

Ihe  eqtiivulenl  circuits  of  the  spcciitten  are  also  shown  in  Figs.Kb) 
and  ( Ic).  Accorriitig  to  this  equivalent  circuit,  the  relation.ship 
between  the  measured  reflection  coefficient  and  intrinsic  reflection 
coeflicieiii  can  be  expressed  as]  101 


r.  = 


S13S 


12 


+  s  22 


’  1 1 


(4) 


In  real  ity .  as  long  as  the  thickness  of  the  measured  samples  does  not 
fulfil  the  critical  requirement  of  lumped  parameter  method,  it  can  ^ 
considered  that  pan  U  exists  in  the  measured  sample,  which  will 
cause  attenuation  of  the  signal  amplitude  and  the  phase  shift  of  the 
measured  signal  when  the  measured  signal  goes  through  the 
stunples.  Tlierefore.  by  using  eq,(4).  intrinsic  reflection  coefficients 
of  the  siunple  can  be  retrieved  and  obtained  from  the  measured 
reflection  coefficient  provided  the  Sij  parameters  arc  known. 

In  3  simplified  case  (  here  we  assume  Sll  =  S22,  St2=S2i). 
according  to  the  theory  of  the  distributed  parameter  method  |5.l  1 1. 
Si  I  and  S12  can  be  expressed  in  terms  of  the  sum  of  reflected  and 
transmitted  waves  and  can  be  numerically  evaluated  by  (1 1 1 

I-  expf-2^)  , 

Sn  =  P - -  <51 

1-  p  exp{-2'j1) 


and  E*  is  the  relative  complex  permittivity  From  eqs  l.'i)  and  (6). 
it  is  very  obvious  that  when  the  measurement  frequency  is  very  low, 
Sll  approaches  to  zero  and  S12  is  equal  to  1  Thus  ,  ftom  eq  (4s.  11 
can  be  found  that  r„  is  equal  to  f,.  This  is  the  case  in  an  ideal 
lumped  capacitance  situation  Fig  2  presents  the  iheorciicai 
calculations  of  Sti  and  S12  as  a  function  of  the  frequencies 


Figure  2.  Theoretical  calculations  of  the  real  and  imaginary  pans  of 
the  Sij  parameters  v  s.  frequency. 

(a)  Ihcoreiical  calculated  real  and  imaginary  magnitudes  of  S12 
thiThe  S||  versus  frequency  in  the  range  IHz-IGHz, 

As  discussed  above,  in  the  real  measutements.  if  the  measured 
frequencies  go  up  very  high.  F.^  will  be  strongly  affected  by  the 
electromagnetic  wave  absorption  and  phase  shift  inside  part  II  of 
the  sample.  In  principle,  as  long  a.s  the  influence  of  part  11  in  the 
sample  is  not  very  large,  which  may  be  considered  as  a  small 
perturbation  lenn  in  terms  of  F*.  ( this  condition  is  always  fulfilled 
in  practice!,  we  can  obtain  the  intrinsic  reflection  coefficient  of  the 
sample  (F«l  by  retrieving  the  measured  reflection  coeffleients  (Fmi 
from  eq.(4)  through  the  numerical  evaluated  Sit  parameters. 

Finally,  the  complex  dielectric  dispersion  (ElO  =  E-E'  Kan  be 
obtained  from  tlie  intrinsic  reflection  coefficient  of  the  sample  U  by 


((l+F,  )2njfCoZol 
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Fipure  3.  Dielociric  consiants  and  losses  vs.  frequencies  in  tire  PZT 
svsiciii. 
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l-ipure  5  11'c  dicleclrie  dis|iersioii  in  PZT-.*!  and  BaTiO'  ceiamiis 
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Fipuic  fi.  lire  dielectric  disiicrsion  in  soft  FZ! .  hanl  a"*' 
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I’ipiire  4.  ’Ilic  dielectric  dis-pci.sion  in  poled  and  iinpolcd  IZT 
cciJiinic^. 
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